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In  thio  book  are  presented  basic  physical 
phenomena  aasiimed  as  a  basis  for  military  appli¬ 
cation  of  instrumenta  of  infrared  technology; 
there  are  considered  certain  elements  of  these 
instruments,  and  also  there  are  expounded  questions 
of  military  application  of  infrared  rays  for  the 
solution  of  separate  tactical  problems. 

Construction  and  tactically  technical  data 
of  some  instruments  of  infl*ared  technology  are 
borrowed  from  the  foreign  press  based  on  their 
status  in  I960. 

This  book  is  calcxilated  basical?>.y  for  the 
military  reader,  however  it  may  be  useful  for  a 
wider  circle  of  readers  interested  in  the  de¬ 
velopment  of  a  means  of  technology  of  infrared 
rays. 


Infrared  Technology  in  Military  Ma  ters. 

Moscow,  Izd.  "Sovetskoye  Radio,"  J963. 
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PREFACE 


The  technology  of  infrared  rays  is  a  division  of  contemporary  physics  and 
electronics,  embracing  questions  c  '  radiation,  propagation,  amd  registration  of 
infrared  rays,  and  also  their  practical  use  in  research  laboratories,  industry, 
and  military  matters. 

In  this  book  ai*e  considered  phij^ical  phenomena  connected  with  radiation, 
propagation,  and  registration  of  infrared  rays;  it  presents  generalized  material 
of  works  in  the  rer  or.  of  military  application  of  infrared  rays  and  makes  an  attempt 
at  analysis  of  the  promising  developnents  in  this  comparatively  young  region  of 
military  technology. 

The  book  consists  of  two  parts.  In  the  first  part,  including  six  chapters, 
are  conside’^'ed  questions  of  physics  and  technology  of  radiation,  propagation,  and 
registration  of  infrared  rays,  and  also  certain  elements  of  military  instruments 
founded  on  the  use  of  infrared  rays.  In  this  respect  ..he  first  part  is  inti-odu.. tory 
for  the  s  cond,  including  six  chapters,  where  an  analysis  is  made  of  the  development 
and  contemporary  state  of  instruments  of  infrared  technology  applied  by  foreign 
armies . 

In  the  second  part  the  greatest  attentl  .n  is  given  to  questions  of  intelligence, 
detection,  and  aiming  with  help  of  instruments  of  infrared  ?chnology,  which  i  ^  not 
sufficiently  illuminated  in  domes' tc  1  terat-uL-e. 


The  siae  of  th*  book  did  not  allow  authors  ♦n  consider  adiecert  qu  s’-ions 
conce  TiiJig  principles  of  construction  of  instruments  of  infrarsu  techncJogy, 
liiminescence,  electron:  :•  and  gaometric  optics,  the  error  of  these  systeias  luring 
construction  of  thf  image,  and  sev  ral  other  questions.  With  respect  to 
questions  the  authors  refer  the  readers  to  corresponding  courses  of  optica  and 
physics. 

In  this  book  ^xl  concrete  examples,  con  eming  constru  tive  aclutions, 
technical  and  tactical  appraisals  and  characteristics,  and  also  prospects  of  de¬ 
velopment,  are  based  on  material  of  foreign  technical  literature.  The  list  of 
literature  used  is  given  at  the  end  cf  t.  e  book. 

The  author!  thank  Engineer-Lieutenant  Colonel  I.  F.  Usol'tsev  for  a  number 
of  valuable  indications  dviring  the  editing  of  the  book,  Doctor  of  Technical  Sciences 
I  .  Z.  Kriksunov,  and  Candidate  of  the  Technical  Sciences  M.  A.  B'^amson,  fo’*  taking 
on  the  labor  of  revievring  the  book,  and  also  Ehgineer  S.  V.  Yuokevich  for  atten¬ 
tively  examining  certain  chapters  of  the  manuscript.  Their  advice  considered 
luring  final  editing  of  tne  manuscript. 

During  work  on  the  book  Chapter  IX  (Sections  1-3)  and  Chapter  X  (Secl  1, .  .d 
1-2)  were  written  by  B.  V.  Tyapkin;  the  renaining  chapters  by  Yu.  A.  Iva.io'' 


INTRODUCTION 


In  the  period  of  the  Second  World  War  in  the  arming  of  armies  of  the  fighting 
states  there  began  to  appear  various  instruments  facilitating  the  conduct  of  combat 
actions  at  night.  Ajoong  them,  in  the  first  place,  one  should  include  radar  and 
heat-direction  finding  equipment  and  instruments  of  night  vision.  Already  the  first 
application  of  Infrared  instruments  shcwea  promise  for  the  solution  of  a  majc'ity 
of  tactical  problems  on  land,  in  the  air,  and  on  the  sea  during  favorable  mete¬ 
orological  conditions.  Therefor^,  in  the  postwar  period  the  volime  of  works  in 
the  region  of  military  application  of  infrared  instruments  has  sharply  inci eased. 
Simultaneously  they  began  to  develop  tactics  of  their  application  in  troops  and 
intensely  to  equip,  with  infrared  equipment,  the  Army,  the  Air  Force,  antiaircraft 
defense,  and  the  Navy. 

Large  works  in  the  region  of  military  application  of  infrared  rays  are  con¬ 
ducted  in  the  United  States,  '^land,  France,  Italy,  the  Federal  Republic  of 
Germany,  Sweden,  Japan,  Switzerland,  and  in  certain  other  countries. 

The  significant  interest  toward  infrared  instruments  is  caused  by  the  advantages 
which  infrared  radiation  pwssesses  as  compared  to  ths  olectromagnetic  oscillations 
of  radar  and  light  ranges  of  wave  lengths. 

1.  Infra:  sd  beams  are  raclated  by  practically  all  bodl“9  h*tvin,r  a  te.'  )era;  ii  ? 
other  than  a  solute  zero.  Cons'^qut  itly,  uifrared  instnmjents  can  be  a  passive 


principle  of  action  and  do  not  require,  for  detection  o  target,  its  irradiation 
by  electromagnetic  energy. 

i.  Lnfrared  ray*  are  not  detected  by  the  eye,  therefore,  both  passive  and 
active  instruments  of  infrared  technology  cannot  be  detected  by  at:  eriway  not  armed 
with  correspondiiig  eqiipnient. 

3.  Since  the  transparency  of  the  atjnosphere  is  better  for  infr.ired  rays  than 
for  visible  ones,  it  allows  us  to  increase  the  range  of  infrared  instruments  as 
cotipared  to  optical  and,  what  is  most  important,  allows  us  to  carry  out  observation 
of  targets  at  night  in  the  absence  of  their  visual  visibility. 

k.  With  correct  selection  of  range  ofsoectral  sensitivity  of  passive  infrared 
instruments,  losses  of  radiation  energy  in  the  atmosphere  are  proportional  to  the 
square  of  distance,  while  losses  of  enf gy  of  electromagnetic  oscillations  cf  radar 
instruments  a.  e  proportional  to  the  fourth  degree  of  distance.  This  allows  us  to 
create  infi-ared  Instruments  which  are  simpler,  with  less  weight  and  smaller 
dimensions  than  radar  of  the  same  purpose  and  with  the  same  rang'*. 

5.  Simplicity  of  construction,  naturally,  determines  higher  reliability  of 
infrared  instruments  as  compared  to  radar  equipmon' 

6.  The  passive  principle  of  action  and  the  presence  of  the  possibility,  by 
simple  means,  to  free  themselves  from  the  hindering  effect  of  the  background 
(selection  of  target)  moke  infrared  instnaients  loss  subject  to  interferences  on 
the  part  of  the  enemy  as  compared  with  radar  stations. 

7.  Using  for  their  work  electromagnetic  oscillations  of  a  rang'-  of  waves 
between  visible  light  and  millimeter  waves,  infrared  instmrments,  while  yielding 

in  reeolving  power  to  optical  systems,  significantly  exceed  radars  in  this  respect. 
Thus,  for  instance,  although  radar  stations  vrith  an  o-bsi  range  of  waves  and  with 
an  antajTiia  diameter  of  3o  cm  allow  us  to  resol  e  from  a  range  of  8,000  m  two  targets 
at  a  distance  of  40C<‘-500  m,  a  heat-direction  finder  with  mirror  7.5  cm  in  diameter 
and  a  photoresistor  of  PbS  oUowt  us  to  observe  from  t  h-  some  range  separate  motors 
of  an  a'rcraft  located  at  a  distance  of  8  ra  from  each  ot^■e^. 


U 


Still  hl^^her  resolving,  power  have  electronic  optical  syr'eins,  cnsuririg  the 
observatior  of  ob^^ecta  in  infrared  rays  almost  with  photo^yraphic  clearness. 

However,  such  fundainental  deficiencies  of  infrared  methods  of  irmin^  as  the 
practical  impossibility  of  their  work  in  unfavorable  meteorological  conditions  (fog, 
overcast),  ajid  also  the  difficiilty  of  target  range  measurement  force  ua  to  apply 
them  in  combination  with  radar  technology. 

Nevertheless,  in  spite  of  these  deficiencies,  in  the  aimirg  -  f  capitalist 
countries  there  have  appeared,  in  ever  increasing  quantities,  infrared  instruments 
for  solving,  in  combination  with  other  means,  the  following  problems: 

1)  Tactic  il  and  strategic  intelligence, 

2)  The  guiding  of  rockets  and  missiles  to  heat-radiat  ng  tai-gets, 

3)  Noncontact  blowing  up  Jf  amnunition  near  target, 

4)  Detection  of  heat-radiat ing  targets  at  night  and  aiming  by  them, 

5)  Navigation, 

S)  Communications  and  signalling  between  units, 

7)  Protection  of  military  objects  and  the  blocking  of  narrow  sections  oi' 
country. 

Along  with  the  solution  of  these  problems  there  i.n  conducted  also  intense  re¬ 
search  in  the  region  of  the  use  of  infrared  instmanents  for  the  needs  of  antimissile 
defense,  intelligence  from  space,  and  consnunl cations  in  space. 


PART  I 


PHYSIC  A..  BASES  AND  ELEJCSTTS  OF  INSTRUMENTS 
OF  INFRARED  TECHNDLOCT 


CHAPTER  I 


BASIC  IDEAS  ABOUT  RADIATION 

1.  Nature  of  Radiation 


Radiation  we  urideratand  aa  the  transfer  in  space  from  one  body  to  other  of 
energy  either  with  the  help  of  piarticles  of  matter  (  p  and  a  -radiation  during 
radioactive  decay),  or  with  the  help  of  an  alternating  electromagnetic  field 
(Y  -radiation,  x-radiation,  light,  infrared  rays  and  radio  waves). 

From  all  the  variety  of  forms  of  radiation  there  will  subsequently  be  con¬ 
sidered  only  the  so-caxled  optical  radiation,  and  in  it,  in  turn,  -  the  still 
narrower  region  of  infrared  rays. 

As  amy  electromagnetic  oscillation,  infrared  radiation  Is  possible  to  character¬ 
ize  by  frequency  v  ,  wave  length  X  and  speed  of  propagation  v. 

Sometimes  electromagnetic  oscillations  are  characterized  by  wave  number  A, 
under  vdiich  we  understand  a  number  of  wave  lengths,  p' eked  in  a  section,  equal  to 
one  centimeter. 

Connection  between  basic  magnitudes  of  radiation  is  determined,  as  is  known, 
by  ratios: 


1= 


(I.l) 


r=  y-. 


a  .2) 


where  c  =  2.998  *  10^^  cm/aoc  is  the  speed  of  light  in  a  vacinan; 
T  is  he  period  of  oscillations. 
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In  a  medium,  whose  index  cf  refraction  is  not  equal  to  unity  (n  1),  the 
speed  of  propagation  f  f  electromagnetic  oscillati.  ns  differs  from  the  spxjed  of  light 
in  a  vacuum 


V  — 


(1.3) 


3y  comparing  (1.2)  and  (1.3),  it  is  possible  to  note  that  for  one  and  the 
same  radiation  the  wave  length  will  change  depen?  ing  upon  the  medium,  ^ere  prop¬ 
agation  of  electromagnetic  oscillations  occurs,  whereas  their  frequency  remains 
constant . 


The  range  of  waves  of  electromagnetic  oscillations  is  very  great  —  from  10“^^ 
to  3  •  10  cn.  Therefore,  for  the  measurement  of  wave  length  of  elec tixunagne tic 
oscillations,  along  with  well-known  units  of  length,  we  use  the  smaller  ones: 

O 

micron  ),  millimicron  (ta.M  I,  angstron  (A)  and  ex  (X)  (Table  I.l). 


Table  I.l.  Connection  Between  Units  of  Measurement  of  the  Wave 
Length  of  Eloctr*aLiagnetic  Oscillations 


Units 

m 

cm 

mm 

sr  u 

o 

A 

X 

1  Meter . 

1 

2 

10 

10^ 

10^ 

109 

10^^ 

lol3 

1  Centimeter... 

10-2 

1 

10 

10^ 

107 

10® 

IqII 

1  Millimeter... 

10-3 

10"^ 

1 

103  . 

10^ 

107 

lol® 

1  Micron . 

JO-6 

10-^ 

10-3 

1 

icP 

10^ 

K:7 

1  Milllmicr 'n. . 

10-9 

10-7 

20-6 

10-3 

1 

10 

10^ 

1 

1  Angstron . 

10-10 

10-® 

10"7 

10“^ 

10-1 

1 

1 

10- 

I  X . 

O 

1 

V-O 

10-11 

10-10 

10-7 

10“^ 

10-3 

1 

A  wide  range  of  waves  of  electromag;  etic  rad  ation  is  conveniently  presented 
in  the  form  of  a  scale  broken  down  into  separate  regions,  including  oscillations 
simr  ..r  in  their  properties,  methods  of  obtaining,  and  methods  of  registration 
^Fig.  I.l). 


As  can  be  seen  from  scale  of  electromagnetic  oscillations,  the  region  of 
optical  radiauion  inclvides  oscillation  of  wav^s  appro xijmately  from  10  m  ^  to  340  ^ 
and  the  range  of  infrared  ra>  i  lies  ifithin  limits  of  0.75-^340  x  *. 

Electromagnetic  cscillation  have  diial  character,  i.e.,  possess  both  wave 
properties  and  corpuscular. 


^psctrum  of  electromagnetic  oscillations. 


♦Based  on  contemporary  di ta,  this  range  can  be  expanded  to  720-750  A«  ,  i.e., 
up  to  submillim-'ter  radio  waves. — Editors  Note. 


l^ave  electromagnetic  theory  of  radiation  explains  well  a  aeries  of  optical 
phenomena:  interference,  diffraction,  ^jolarization,  reflection,  and  refraction 

of  light  rays.  However  it  is  contradicted  by  experimental  data  during  explanation 
of  phenomena,  connected  with  interaction  of  radiation  with  substance;  —  distributic 
of  energy  in  spectrum  of  radiation  of  heated  bodies,  photoelectric  effect,  light 


scattering,  etc. 


Tab  ?  1.2.  Energy  of  Photons  of 
Electromagnetic  Oscillations 
of  Different  Wave  Length 

(l  ev  =  1.59  •  10“^^erg) 


Wave 

Length. 

Energy  of 

Photon 

/i 

et  1 

ev 

( 

6. 22 ‘10“^ 

3.9 

1.55 

-12 

3.4  -10 

2.14 

0.76 

2.46-10'*^^ 

1.53 

1 

1.87 ”10"^^ 

1.17 

1.3 

1.44-10~^2 

0.91 

3 

0.62-10“^^ 

0.39 

5 

0.37'10“^2 

0.23 

12 

0.16- 10*^2 

0.10 

Later,  in  1905,  Einstein  developed 


A  way  out  was  found  after  publicatior 
in  1900  by  Planck  of  the  quantum  theory 
of  radiation.  This  theory  carries  the 
idea  of  iscretion  (discontinuity)  of  the 
structure  of  matter  to  electromagnetic 
processes  of  radiation.  According  to  this 
theory  the  energy  of  elementary  radiators 
(atoms  and  molecules)  can  change  only  by 
jumps,  mviltiples  of  a  certain  value  con¬ 
stant  for  a  given  frequency.  Such  a 
minimum  (for  a  given  frequency  of  radi¬ 
ation)  portion  f  energy  Planck  called  a 
quantum  of  energy, 

f 

where  h  =  6.6238'10"‘^ '  erg’sec  is  the 
universal  Planck's  constant. 


Planck's  theory  funther  and  carried  the 
idea  of  discretion  of  radiation  to  propagation  and  absorption  of  electromagnetic 
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Radiation  began  to  be.  considered  an  flux  of  particles  of  matter  -  photons 


with  energy  h\  and  maas 


(T.5)' 


«The  Russian  sut script 


ri  <  ti 


indicate'  ’’photon" .  -Ed. 


'"rinsequent  1  y ,  in  with  '  h“  ^n’ ijrn  ■  i-y  radia*  ion  im  iisjriR  idered 

not  only  ae  a  process  of  trans  format  lor  of  one  fonn  ■  f  '  aergy  into  another,  but 
aiJ  a  t-ransition  of  matte"'  from  a  forr-  o-f  sutstan  -e  into  a  form  of  electromaftr.et, ic 
field,  and  conversely. 

In  Table  1.2  ar"*  preaen’ ed  values  of  ener-^  of  photons  with  different  wave 
lengths. 


2.  hnergy  Characteristics  of  Radiation 

Application  of  instruments  of  Infrared  technolo^tl'  is  based  on  registration  or 
quantitative  meaoureanent  of  energy,  transferable  by  electromagnetic  wave  from  the 
soiirce  of  radi-ation  to  the  receiver. 

Dep<ending  upon  receiving  devices  6md  spectral  composition  of  the  radiation 
subject  to  measurement,  two  systems  of  units  are  established  -  energy  aid  light 
technology  (Table  1.3). 

First  system  of  units  is  universal  and  may  be  applied  to  the  whole  range  of 
spectrum  of  optical  radiation;  the  second  -  light  technology  -  may  be  used  only  In 
the  region  of  visible  radiation  and  loses  meaning  in  the  region  of  ultraviolet 
and  infrared  rays.  Therefore,  sub.eeqiient ly  there  will  be  considered  only  magni¬ 
tudes  taken  in  the  energy  system  of  units.  I'esignation  of  magnitudes  is  given  in 
the  new  terminology  recommended  by  tie  domrii  *  t of  Technical  Terminology  of  the 
Academy  of  Sciences  of  the  US.SR. 

Radiant  flux  (P  characterizes  fTO-wcr  of  ""pi  il  radiation  ar'"l  allows  us  to 
Judge  energy  content  of  radiation  hi'tinr  <pt.i-a!  ms*  mment  s , 

*  a,  ■  O-O 

where  W  is  energy  of  radiation. 

In  the  case  of  njono"'hr-onvi*.  i  ■  ra.iia*  ior.  rad  an'  lux  is  estiaiated  by  the 
spiectral  i»wer  of  the  energy  of  radi.i'ior.  r  itoxircfs  C"f  optical  ratliation  having 
continuous  3fv>ctriaii,  the  total  radiant  fh.x  r-  f;-?;  ;  neC  t;.  t  h*"*  area  !»>*«.■<>?!  'he 


spectral  curve  of  radiati.on  and  ^,he  axia  of  abaciaaaa. 


A 


(I»7) 


Table  1.3.  Ll^t  Technology  and  iiiergy  Systema  of  Units  of  Measurement 

of  Radiation  Energy 


Deaignatior.  of 
Magnitude 


Light  Techmlog/ 


Systems  of  Units 


Energy 


Radiant  flux  ie  measxired  in  units  of  power,  and  in  some  cases  its  power  is 
compared  with  the  power  of  particle  flux,  expressed  in  ev/sec.  In  this  case 
transition  to  the  usual  units  of  power  can  be  carried  out,  using  the  following 
relationship,  1  w  *  6.29’IO^  ev/sec. 
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Table  1.4.  Cornection  Between  Basic  Units  of  Measurement 
of  Power  of  Radiant  Flux 


Designation 
of  unit 

erg/sec 

w 

cal/sec 

cal/min 

1  erg/sec 

1 

0,9997-10-7 

2,389-10"® 

1,434-10"' 

1  w 

1,003 -IC^ 

-1 

± 

0,239 

14,34 

1  cal/sec 

4,185 -lO^ 

4,185 

1 

60 

1  cal/min 

6,976-lC^ 

0,06976 

0,01667 

1 

STjsice  of  distribution  of  radiant  flux  is  determined  by  radiation 

intensity  J  .  under  which  %re  understand  the  ratio  of  radiar.t  flux  to  magnitude  of 
solid  angle,  in  which  radiation  is  evenly  distributed.  Therefore,  sometimes  the 
idea  "radiation  intensity"  is  defined  as  angular  density  of  radiant  flux  in  a  given 
direction 

(1.8) 


This  idea  is  valid  only  in  a  case  of  radiation  of  a  point  source.  However, 
in  practice,  with  sufficient  accuracy,  this  idea  can  be  used  also  in  a  case  of 
sources  whose  linear  dimensions  are  sign:^  ficantly  less  than  the  distances  at  which 
their  radiation  io  taken. 

Magnitude  of  solid  angl^  ^  may  be  defined  as  the  ratio  of  a  surface,  cut  by 
a  cone  with  a  sumait  in  center  of  sphere,  to  the  square  of  its  radius 

•  =-^.  (1.9) 


For  a  unit  of  solid  angle  is  taken  steradian  -  a  solid  angle,  to  which  on  the 
sphere  of  the  unit  radius  there  corresponds  a  surface  with  an  area  ecpial  to  unity. 
A  solid  angle,  embracing  all  space  around  a  point  source  oi  radiation,  is  equal  to 
4  -n.  Therefore,  with  equal  distribution  of  radiant  Hux  in  all  directions,  radi¬ 
ation  intensity  in  a  given  direction  may  be  calculated  by  the  formula 

‘7  =  -^.  (1. 10) 
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In  the  case  of  nonunifom  distribution  of  rsdlsnt  flux  in  space  it  is  aeeessmjy 
to  introduce  the  idea  of  aTersco-spherical  (avurace-hsadsphorical)  radiation  Inten- 
8it7,  undor  which  w«  understand  radiation  Intensltj  of  a  source  with  equal  distri¬ 
bution  of  radient  flux,  whose  nacnitude  is  eq[ual  to  the  radiant  flux  of  a  source 
with  nonunifom  distribution. 

Frosi  the  resulting  expressions  can  be  sade  one  verj  isportant  conclusion  in 
order  to  understand  the  essence  of  the  work  of  rouroes  of  radiant  flux:  the  nagni- 
tude  of  full  radiant  flux  of  a  glren  source  of  radiation  cannot  be  increased  by 
optical  sjsteas.  Application  of  optical  syetesui  allows  us  only  to  redistribute 
radiant  flux  fros  one  direction  to  another. 

When  detemining  radiation  of  real  bodies  of  different  configuration,  the 
calculation  of  radiant  flux  and  radiation  intensity  presents  well-known  difficulties. 
Therefore,  in  Table  1.5  are  given  characteristics  of  radiation  of  sources  of  the 
sisiplest  fom,  idilch  in  a  mssber  of  cases,  by  naans  of  eosibining,  can  sijnplify  the 
calculation  of  radiation  of  sources  even  of  a  aors  coaplieated  fom. 


Table  1.5.  Characteristics  of  Radiation  of  Bodies  of  Sinple  Pom 


Ftom  of  Source 

Radiation 

Radiant 

Average-Spherical 

of  Radiation 

Intensity 

Flux 

1 

Radiation  Intensity 

Lualnescent  Disk 

J  -J,  CO$m 

Lmlnescent  Sphere 

const 

♦  -=  4ii 

J. 

Lvadnescent  Hesdsphers 

J  — ^(l-Kos«) 

•  b  2k  j. 

Liaalneacent  Cylinder 

Lusdnescent  Cylinder 

-5-J.+ 

with  spherical  end 

-t-C0s4  +  JmSISv 

+  4 

NOTE:  J,  is  radiation  intensity  in  a  direction  nomal  to  the  radiating  surface, 

Jft  is  rsdiatlon  intensity  at  an  angle  of  90*  to  the  axis  of  a  cylinder, 

J  la  radiation  intensity  at  angle  ■  to  nomal. 


Hi 


Density  of  radiation  dl  characterizes  surface  density  of  radiant  flux  esiitted 
by  the  surface  of  a  given  source.  Quantitatively  it  is  equal  to  the  ratio  of  total 
radiant  flux  inside  solid  angle  to  the  area  of  the  radiating  surface: 

(1. 11) 

Radiance  9  characterizes  surface  density  of  radiation  intensity  in  a  given 
direction  or,  in  other  words,  this  is  the  ratio  of  radiation  intensity  to  the  area 
of  projection  of  the  redlating  surface  to  a  plane  (Fig.  1.2),  perpend ictilar  to  a 
given  direction: 

A  (^0 

ASco*<.  •  (1.12) 


Fbr  surfaces  i<diose  radiation  obeys  the  law  of  Laabert  and,  consequently,  does 
not  depsnd  on  direction,  the  nugnitude  of  radiance  also  does  not  depend  on  direction. 
For  such  bodies,  dependency  between  radiation  density  and  radiance  takes  the  form: 

(1.13) 


Irradiance  characterizes  surface  density  of  radiant  flux  incident  on  a 
given  surface.  Nxanerically  it  is  equal  to  the  ratio  of  radiant  flux  to  the  area  of 
irradiated  sirface,  on  vdiich  it  is  evenly  distributed 

®  “  AS  ' 

Expressing  radiant  flux  throTigh  radiation  intensity,  vre  obtain 


<S  =  ' 


COS) 


(1.15) 


Fig.  1.2.  Determination 
of  radiance. 


The  last  equality  shows  that 
irradiance  of  a  surface,  created  by  a 
point  source,  is  reciprocal  to  the  square 
of  the  distance  between  irradiated  surface 
and  source  and  depends  on  the  angle  be¬ 


tween  direction  of  radiant  flux  and  the 
normal  to  a  given  surface  (Fig,  1.3). 

For  surfaces  whose  radiation  obeys  the  law  of  Lambert,  irradiance  is  connected 
with  radiation  density  and  raaiance  by  the  following  relationships. 
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6 


(1.16/ 


jr 


(1.17) 


Qu&ntlty  of  IrradlAtlon  ^  detendnea  energj  content  of  radiation  falling  on 
an  Irradiated  bodj  for  a  definite  tijM^ 

Se=lSdt.  (1.18) 


in 

to 


This  Idea  finds  wide  application  in  different  photochenlcal  processes,  and, 
particular.  In  photography,  where  quantity  of  reacted  substance  Is  proportional 
the  power  of  incident  radiation  (irradlance)  and  the  tine  of  action. 

Radiation  yield  na  dete:nBlne8 
effectiveness  of  one  or  another  source 
of  radiation,  in  which  there  occurs 
transforaation  of  some  form  of  energy 
into  energy  of  radiation.  Quantitatively 


Fig.  1.3.  Determination 

of  irradlance  of  a  surface.  radiation  yield  is  determined  by  the  ratio 

of  radiant  flux  radiated  by  a  source  to 
the  power  supplied  to  it. 


'%■= 


(1.19) 


If  one  were  to  determine  the  effectiveness  of  a  source  of  radiation  with 
respect  to  some  definite  receiver  of  radiant  flux,  determining  the  effectiveness 
of  the  use  of  spectral  energy  of  radiation  of  a  given  source,  then,  considering 
(1.7)  and  (I. 11),  we  obtain 

> 

5  J  SjrjrfX 

M  =  - .  <l-“) 

where  X^  and  are  boundaries  of  sensitivity  of  the  receiver  of  radiation, 

is  spectral  intensity  of  radiation  density  of  a  source  in  the  range 
of  sensitivity  of  the  receiver, 

Sj  is  spectral  sensitivity  of  the  receiver. 
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3.  Spectnim  of  Optical  Radiation  and  i  Image 


Under  spectrum  of  optical  radiation  we  understand  the  ordered  location  of 
separate  monochromatic  radiations  by  wave  lengths.  Such  location  can  have  the 
fom  of  a  continuotw  curve  and  separate  lines  or  bands  between  which  radiation  is 
absent  (Fig.  1.4). 

In  the  first  case  they  have  something  to  do  with  a  solid  (continwus)  spectrum 
of  optical  radiation,  consisting  of  an  infinite  number  of  lines  continuously 
following  one  after  another.  This  form  of  spectrum  is  characteristic  for  radiation 
of  heated  solid  and  liquid  bodies.  In  certain  cases ^  for  instance  at  very  large 
pressures,  a  continuo\is  spectnni  is  created  by  the  radiation  of  gasifom  atoms  and 
molecules. 

In  the  second  case  the  spectrum  of  radiation  wil?  be  called  either  line  or 

band. 

Lino  spectra  consist  of  separate  thin  lines  distinctly  divided  from  each 
other.  Such  spectra  ai*e  radiated  by  excited  atoms  or  ions,  at  such  a  distance  from 
each  other  that  their  radiation  can  be  considered  independent.  Therefore,  heated 
gaaes  or  vapor  at  normal  pressxire  always  give  line  spectra. 

Bold  spectra  consist  of  a  lai'ge  number  of  closely  located  lines,  fozming 
separate,  clearly  differentiated  bands.  These  spectra  appear  during  the  study  of 
molecules  of  gases  consisting  of  two  or  more  atoms,  with  such  a  distwce  between 
molecules  that  their  radiation  can  be  considered  independent.  Therefore,  band 
spectra  are  radiated  by  polyatomic  molecules  of  heated  gases,  whose  temperature  still 
is  insufficient  for  dissociation  of  their  molecules  into  atoms  or  ions. 

If  radiation  is  formed  as  a  restG-t  of  srvsral  different  processes,  then  mixed 
spectra  can  be  fonned.  An  example  of  such  a  form  of  spectra  is  the  spectnan  of 
radiation  of  an  electrical  arc,  gao-discharge  tubes  of  high  and  super-hlgh  pressure, 
etc . 
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Besides  such  dlTlsion,  «  spectra  of  optlesl  rtdistlon  is  soaetlves  conrenlentl^ 
subdivided  by  the  nsture  of  eppeersnce  snd  aethods  of  its  reglstretion.  Such  s 
clssslflcetion  is  shown  in  Pig.  I.5»  where ,  besides  the  nature  of  redistion  and  the 
reeeirers  for  its  registration,  there  are  indicated  sources  of  radiation,  and  also 
wave  lengths,  frequency  and  wave  mabers,  corresponding  to  soate  spectrusi  of  radiation 


o 

« 

0 

1  1  i 

,  1 

y\ 

nHl!  11 

iiLiiL 

In  1 

M. 

Pig.  1.4.  of  radiation  spectra. 

1 — Line;  2--.Band;  3~Contijiuous;  4— 
Mixed. 


In  practical  application  of  infrared  instnaients  there  is  always  actually 
neasured  the  Irradlanee  of  the  receiving  device,  created  by  the  neasured  radiation. 
Therefore,  it  is  sure  correct  to  talk,  not  about  the  speetnan  of  radiation,  but 
about  the  distribution  of  irradlanee  created  by  a  spectrusi  of  given  radiation  in 
the  plane  of  the  receiving  device.  In  this  case,  autosiatically  considered  are 
losses  of  radiation  in  the  thickness  of  the  nedim  where  neasurvd  radiation  spreads. 
If  it  is  necessary  to  obtain  data  about  the  real  spectna  of  radiation  it  is  neces^ 
sary  to  obtain  data  about  the  real  spectnsi  of  radiation  it  is  necessary  to  de-. 
temlne  losses  in  a  ■edlvi  at  a  given  distance  and  to  introduce  correction  in  the 
obtained  results  of  sMasureawnt  of  irradlanee. 

There  can  be  practically  recosBMnded  three  SMthods  of  plotting  spectral  curves 
of  irradlanee. 

It  is  possible  to  present  a  continuous  spectrtsi  (Pig.  1.6)  consisting  of 
separate  spectral  lines  located  at  equal  and  sdnute  spectral  intervals  "a".  Fbr 
eveiy  such  line  one  can  detei^ne  irradiasce  in  v/cs^  and  plot  it  on  the  grefn  in 
the  fom  of  an  ordinate.  The  width  of  spectral  intervals  dspends  upon  the  structure 
of  the  apectrus:  the  thinner  the  speetnss,  the  narrower  mist  be  the  spectral 
intervals.  The  mm  of  all  ordinates  gives  la  this  case  the  general  irradlanee  of 
the  receiver,  created  by  all  the  spectrusi  of  radiation. 


Ifl 


1.5*  Spsctraa  of  optical  radlAtlona. 


Fig.  1.6.  Method*  of  plotting  spectrel  curves  of  irrsdlanee. 

Another  aethod  of  plotting  a  spectrw  of  Irradiance  consists  of  plotting 
Irradiance  of  separate  spectral  intervals  in  the  fora  of  rectangular  plateaus 
Wave  length  in  this  ease  is  taken  in  linear  scale.  The  area  of  a  rectangle  equal 
to  the  product  of  is  the  aeasure  of  irradiance  created  bj  radiation  at  a 

given  wavelength  interval.  Since  aagnitiide  AX  has  a  diaenslon  of  length,  then 
for  the  product  of  to  have  diaenslon  of  Irradiance  (w/ea'^),  spectral  iateir- 
8it7  of  irradiance  should  have  diaenslon  of  w/ca^.  Its  noaerlcal  value  depends 
on  the  selection  of  a  unit  of  aeasureaent  of  length  of  spectral  interval.  Thus, 
if  AX  is  ejcpressed  in  alUialcrons,  then  in  order  to  recalculate  irradiance  in 


19 


ty 

Milair  for  A  wve  length  IntsrTtl  «qprM««d  la  on,  to  a  aAcnltuda  of  irrAdlAaeo  In 

2 

w/cB  for  A  wave  -ength  IntorVAl  In  ,  it  !•  nocoosArj  tbAt  aU  ordinAtea  bo  do* 
croAoed  In  10*^  tinea.  For  InatAneo,  if  4^  *  10  w/ea^»  this  corroaponda  to  irradiAnofl 
1  nierowAtt/cai^  for  1  « 

A  apootrua,  depicted  thua,  proaonta  roetAngloa  eontimioiialj  following  one 
After  the  other.  Their  am  la  tbo  aoAanro  of  IrrAdlanee  croAted  bj  the  entire 
apoctrm  of  rAdlAtion.  Docreoflng  the  width  of  apoetral  InterrAlay  there  con  bo 
obtAinod  At  the  end  An  envelopo  ropOAting  aH  the  datAila  of  the  atrueture  of  the 
apectrm.  In  thia  cAae,  tha  Beoauro  of  irradianee  la  the  area  between  the  circle 
and  the  axis  of  abaciaaaa. 

If  along  the  axia  of  abaeiaaaa  nonllnoar  acale  la  applied,  then,  for  the 
purpoao  of  proaorring  elmentAi7  rectangleo  aa  the  maatiro  of  IrrAdlanee  for  the 
eorroapondiag  mralongth  intervala,  it  la  neeeaaary  to  change  alaultaneoualjr  In 
Ineerae  ratio  the  acale  along  the  axia  of  the  ordlnatea. 

The  third,  the  intorgal  nathod  of  plotting  the  apectrm  of  irradianee  (fig. 

1.6  c)  ia  oharAeteriBod  bj  the  fact  that  to  everj  ware  length  will  be  added  the 
integral  ralae  of  maaiired  irradianee.  Smaation  ia  produced  from  the  abortware 
boundarx  to  the  conaldered  ware  length.  With  auch  conat ruction  a  continooua 
apectrm  of  irradianee  will  be  depicted  in  the  fom  a  ■onotonicallgr  increaaing 
curre.  Thia  curve  allowa  ua  to  deteraine  the  value  of  irradianee  for  any  apectral 
interval,  but  doea  not  allow  ua  to  clarixy  the  atracture  of  the  apectrm.  Linitatloni 
in  aelactlon  of  acale  with  auch  a  aethod  of  conatruction  of  irradianee  apectrm  are 
dropped. 

the  above>consldered  aothoda  it  ia  poaaible  alao  to  depict  line,  band,  and 
■ijcod  apeotra.  with  an  integral  mthod  of  plotting  line  apectrm,  the  latter  will 
be  In  the  fom  of  a  broken  line. 

Mixed  apectra  are  very  conveniently  depicted  by  the  nethod  of  rectanglee,  alnce 

it  allowa  ua  to  eatlnate  energy  of  contlnucma  and  line  apectra  by  neans  of  the 
cenpariaon  of  their  areaa. 


CHAPTER  II 


SOURCES  OP  RADIATION 

1.  Cl4S8lfle4tion  of  Sources  of  Radiation 

Trcm  the  phTsleal  point  of  view  a  source  of  radiation  energj  may  be  any  system 
of  natter,  in  which  there  occurs  transfomation  of  the  energy  suppljkod  to  It  into 
energy  of  radiation.  In  accordance  with  this,  all  sources  of  radiation  energy  it 
is  possible  to  break  down  into  three  basic  groups  *  thermal,  liadnescent  and  nixed*. 

To  the  first  group  belong  sources  for  which  radiation  energy  is  the  result 
of  conversion  of  thensal  energy.  It  does  not  natter  by  what  means  thernal  energy 
appears:  as  a  result  of  passage  of  a  current  in  a  medium,  by  neans  of  chemical 
reaction,  or  as  a  result  of  the  conversion  of  nechanical  energy. 

The  second  group  includes  so\u*ces  for  which  radiation  energy  appears  *8  a 
result  of  excitation  of  atoms  and  molecules  of  a  substance  by  some  kind  of  external 
exciter.  (Aider  lunlnescent  radiation  we  understand  optical  radiation  of  a  body 
above  its  thermal  radiation  at  that  sane  temperature,  lasting  more  than  10'"^^  sec. 

In  the  third  group  are  sources  in  which  both  thermal  and  Imainescent  radiation 
simultaneously  assist. 

The  most  wldoS  pread  group  of  radiation  sources  in  natui*e  are  thermal  sources. 
The  power  of  their  radiation  depends  on  temperature,  dimension,  and  surface  proper¬ 
ties  of  the  radiating  body.  At  a  given  temperature  and  surface  magnitude  the 

^Coneldered  are  sources  of  Incoherent  radiation  of  the  optical  range  of  waves. — 
Editor's  note. 
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propartlea  of  a  body  froa  the  point  of  view  of  radiation  can  be  simply  detemlnad 
by  absorbing  ability  .  Depending  upon  the  character  of  the  change  in  nagni- 

tude  of  the  absorbing  ability  during  a  change  in  toiperature  of  a  body  and  the 
ware  length  of  radiation  incident  on  ita  surface ,  theraal  sources  of  the  radiation 
can  be  of  three  foms: 

1.  An  ideal  black  body,  for  idiich  absorbing  ability  does  not  depend  on  save 
length  of  radiation  incident  on  it  or  on  taaperature  of  its  surface  and  raaains 
always  ecjual  to  unity.  Such  a  body,  as  eoapared  to  other  bodies,  has  the  biggest 
eaiasive  power  of  radiation  at  a  given  teaperature  for  all  wave  lengths. 

2.  A  gray  body*  for  which  absorbing  ability,  while  reaaining  leas  than  unity, 
depends  on  teaperature,  but  does  not  depend  on  wave  length  of  incident  radiation. 

3.  A  selective-absorbina  body,  for  which  absorbing  ability,  while  reaaining 
leas  than  unity,  depends  on  wave  length  of  incident  radiation  and  on  teaperature 
of  body. 


2.  Radiation  of  an  Ideal  Black  Body 

An  ideal  black  body  (AChT),  although  it  does  not  exist  actually  in  nature,  is 
of  interest  for  two  reasons:  first,  it,  at  a  given  teaperature,  radiates  aaxinua 
energy  content  and,  secondly,  its  radiation  aay  be  calculated  theoretically. 

Furtheiaore,  radiation  of  an  ideal  black  body  possesses  properties  which  are 
absent  in  aany  esses  in  radiation  of  real  bodies,  but  are  naaely; 

a)  Radiation  of  an  ideal  black  body  is  nonpolarized, 

b)  It  will  obey  the  Ijn  of  lasibert,  and,  consequently,  the  asgnitude  of 
esd-sslvlty  of  sn  ideal  black  body  in  all  direetlona  ia  identical, 

c)  Bsiasivlty  of  an  ideal  black  body  ia  proportional  to  the  square  of  the 
refractive  Index  of  the  Bedlva  in  which  radiant  flux  spreads, 

d)  Radiation  of  an  idsal  black  body  depends  only  on  wavs  length  and  teaperature, 

for  which  fbra  of  basic  functions  of  radiation  and  r^^fi{XT)  has  universal 


character. 


A  iBodel  of  an  Ideal  black  bodjr  with  a  very  high  degree  of  approxiaatlon  can 
be  Bade  In  the  font  of  a  closed  box  with  a  amall  hole,  walls  of  which  are  evenly 
heated  to  the  necessary  teaperatiire  (Fig.  II. l). 

Getting  into  the  hole  of  the  box,  the  radiant  flux,  after  miltlple  reflection 
on  Internal  surfaces  of  the  box  is  practicxUy  completely  absorbed  and  only 
accidentally,  with  vanishingly  minute  energy,  can  emerge  from  the  hole. 

If,  however,  we  heat  the  walls  of 
the  box,  then  its  hole  will  behave  as  an 
ideal  black  body  with  an  area  equal  to 
the  airea  of  the  hols.  Besides,  in  spite 
of  the  fact  that  the  internal  8\irface  of 
the  walls  of  the  box  will  radiate  in 
accordance  with  the  properties  of  the 
material,  full  radiation  of  the  box 
through  the  hole  will  not  depend  on  the  material  and  properties  of  the  walls,  if 
the  temperature  of  its  separate  parts  is  identical. 

Radiation  of  an  ideal  black  body  may  be  calculated  in  accordance  with  the 
following  laws. 
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pi«.  II.  1.  Diagram  of  models 
of  an  ideal  black  body. 


Kirchhoff’s  Law 

Kirchhoff's  law  indicates  that  the  ratio  of  radiation  and  absorbing  abilities 
of  the  same  point  of  a  body,  for  the  same  wave  length  of  radiation,  the  same 
direction,  and  at  a  given  temperature  for  all  bodies  is  constant  magnitude 


In  the  ease  of  an  ideal  black  body  ( 


1) 


const.  (II. 1) 

equality  (II.l^  will  take  the  form 


(11.2) 


"xiuality  (71.2)  lutheauitlcally  connects  radiation  of  an  ideal  black  body  with 
the  radiation  of  real  bodies.  As  can  be  seen^  eaissirlty  of  any  body  is  equal  to 
the  product  of  emissirlty  of  an  ideal  black  body  and  the  absorbing  ability  of  a 
given  body. 

Kirchhoff's  law  is  valid  for  any  bodies,  including  gases,  if  they  create  a 
purely  thermal  radiation,  however,  i  dll  not  apply,  if  onto  thermal  radiation 
is  added  limlnescent . 


The  Stefan  -  Boltmann  Law 


Integral  density  of  radiation  of  an  ideal  black  body  is  proportional  to  the 
fo\irth  degree  of  its  temperature 

Si=<jT\  (II. 3) 

where  o  **  5.672  •  10“^^ — _Jl! -  is  the  radiation  constant  (Boltnnann  constant). 

em^  •  deg^ 

T  «  t^C  +  273  is  absolute  temperature  of  the  body. 

For  a  body  with  area  S  (in  cm^)  density  of  radiation  will  be  dotemined  by 
religion  ship 

Jlf^oSr.  (II.Z.) 


Fr’on  forsnila  (II.3)  it  is  clear  that  the  temperature  of  a  body  renders  a 
decisive  influence  on  the  imgnltude  of  radiation  density  of  an  ideal  black  body; 
thus,  for  example,  an  Increase  of  absolute  temperature  of  a  body  2  times  leads  to 
growth  of  its  radiation  16  tines. 

Fbrpresslon  (II. 3)  determines  radiation  density  of  an  ideal  bl&ck  body  with 
2 

sviri’ace  S  “  1  an  within  limits  of  a  hemisphere.  For  determining  radiance  of  ideal 
black  body  SB'  within  limits  of  solid  angle  u,  the  axis  of  which  constitutes  angle 
a  with  normal  to  heat-radiatlng  surface  S,  it  Is  necessary  to  expression 


SB  =  ~  S»T*  cos  «. 
e 


(11.5) 
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Planck's  Ijiw 


Distribution  of  ensrgjr  in  the  radiation  spectrun  of  an  Ide/il  black  body  is 

described  by  Planck's  law,  whose  math^Batical  expression  has  the  fom 

3-  -• 

_  l)  .  (II. 6) 


where  x  is  wave  length, 

T 

'  is  absolute  tenperatxire , 

2 

Cl  =*  3*740  •  ICT  w  •  cm  , 
C2  “  1.438  CO  *  degree. 


Fig.  11.2.  Spectral  intensity  of  radiation 
density  of  an  AChT  (Ideal  Black  Body)  at 
various  temperatures. 

KEY:  (a)  i  (b)  Wave  length  M  . 


The  course  of  curves  of  spectral  density  of  radiation  of  an  ideal  black  body 
(AChT),  calcxilated  by  the  formula  of  Planck,  for  certain  temperatures  is  shown  in 
Fig.  II. 2. 


Wien's  Law 


The  position  of  maxisiun  of  a  curve  of  radiation  at  different  temperatures  of 
an  ideal  black  body  is  determined  by  Wien’s  law  (law  of  displacement). 

A«fc„r  =  2896  ^.deg.  (II. 7*) 

where  Xnaiic  is  expressed  in  . 

The  Russian  subscript  "make”  Indicates  "maximvmi".— Ed . 
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Plndinc  from  (II. 7)  value  XmAMC 


In  cai  and  aubatltutln^  It  In  (1 1. 6)  the  value 


can  be  obtained  of  spectral  density  of  radiation  at  a  point,  correspon<  ing  to  Xm^mc 


r„„  =  1,301. 10- 'T  ^ 


(II. 8) 


itlon  of  Real  Bodies 


Radiation  of  real  bodies  differs  froai  the  radiation  of  an  ideal  black  body. 
Therefore,  they  are  called  "nonblack",  inplying  with  this  tenn  both  bodies  with 
selective  radiation  and  gray  bodies. 

As  already  was  noted,  radiation  of  these  bodies,  in  the  first  place,  is  de¬ 
termined  by  the  behavior  of  the  absorbing  ability  with  a  change  of  temperature  of 
the  body  and  the  wave  length  of  incident  radiation.  Furthermore,  when  calculating 
radiation  of  real  bodies  it  is  necessary  to  consider  that  they  are  not  isolated 
from  each  other  and  that,  due  to  this,  fltixes  of  their  radiation  energy  consist  of 
proper  temperature  radiation  and  reflected  fluxes  of  energy  radiated  by  neighboring 
bodies. 

How  closely  radiation  of  a  real  body  with  a  given  wave  length  and  at  a  given 
temperature  coincides  «rlth  radiation  of  an  ideal  black  body  can  be  Judged  if  one 


were  to  Introduce  the  concept  of  coefficient  of  emissivity 

idiere  i>  spectral  density  of  proper  emission  of  body, 

rtr  is  spectral  density  of  radiation  reflected  by  body. 


(i:.9) 


(r^}.)AChT  is  spectral  density  of  radiation  of  an  ideal  black  body. 

From  the  resulting  expression  it  is  clear  that  in  a  case  of  only  proper 
emission  of  body  =  0)  the  coefficient  of  am.  ssivity  is  equal  to  the  absorbing 
ability  of  a  given  body 

(II.IO) 

In  the  presence  of  proper  and  reflected  radiation  it  is  possible  to  introduce 
the  concept  of  a  coefficient  of  blackness  ,  under  which  we  understand  the  ratio 
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of  full  radiation  of  a  given  bodj  to  its  temperature  radiation 


Comparing  the  resulting  expressions,  we  will  obtain 


(II. 11) 


•r  =  1fr®r-  (11.12) 

Prom  expression  (11.12)  it  follows  that  for  exposed  bodies  with  high  surface 
temperature  (vrs*l)  the  coefficient  of  emissivity  is  equal  to  the  absorbing  ability 
of  a  body,  however,  in  the  case  of  exposed  bodies  with  low  temperature  or  radiation 
of  internal  cavities,  the  coefficient  of  emissivity  and  the  absorbing  ability  of  a 
body  can  significantly  differ. 

For  gray  bodies,  whose  absorbing  ability  depends  only  on  temperature  and  does 
not  depend  on  wave  length  of  radiation,  the  law  of  Integral  radiation  may  be 
recorded,  taking  into  accoxuit  the  coefficient  of  emissivity  ,  values  of  which, 
for  different  siaterlals  at  definite  temperatures,  are  presented  in  heat  technology 
reference  books. 

Although  with  the  calculation  of  the  radiation  of  gray  bodies,  the  matter  is 
comparatively  safe,  since  In  this  case  it  is  necessary  only  to  determine  dependency 
=  nevertheless,  when  estimating  the  radiation  of  selective  radiating  bodies, 

it  is  necessary  additionally  to  consider  dependency 

A  widespread  material  in  infrared  technology  with  selective  radiation  is 
tungsten,  whose  properties  are  sufficiently  well  studied  and  are  presented  in 
special  literature  [1,  2],  Vfe  will  note  only  that  very  frequently  it  is  required 
to  know  the  integral  value  of  emissivity  at  a  given  temperature.  These  values  can 
be  calculated  by  empirical  formulas, 

a)  for  low  temperatures  (below  1,000®  K) 

0,571  (11.13) 

b)  for  high  temperatures  (higher  than  1,000®K) 

=  0.5737  1 763pr7.  (II. 1A) 

where  ff  Is  specific  resistance  of  tungsten  in  ohm  *  cm  at  temperature  T*K. 
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Since  radiation  of  real  bodies  differs  from  radlacion  of  ideal  black  bodies, 
in  order  to  be  able  to  compare  their  radiation  we  use  the  concept  of  apparent 
temperatures  ( pseudotemperatures ) .  Under  apparent  temperature  we  understand  the 
temperature  of  an  ideal  black  bod7  whose  radiation  in  a  given  spectral  range  gives 
the  same  effect  as  radiation  of  a  given  body  at  its  true  temperature. 

There  are  three  such  tsmperatures:  energy  T,  ,  luminance  and  color  7^. 

Under  energy  temperature  we  understand  the  temperature  of  an  Ideal  black  body, 
at  which  It  has  a  radiation  Identical  with  a  given  body  having  true  temperature  T, 

Luminance  temperature  corresponds  to  the  temperature  of  an  ideal  bl'  k  body, 
at  which  its  brightness  for  radiation  with  a  wave  length  of  0.665  M  is  equal  to 
the  brightness  of  a  radiating  body  with  temperature  T  with  that  same  wave  length 


^  ^  t  ' 


(11.16) 

Prom  formtila  (II. 16)  it  is  clear  that  Itmiinance  temperature  may  be  determined 
for  radiation  with  any  wave  length  if  the  value  of  the  spectral  coefficient  of 
blackness  is  known  for  it;  however,  in  photometric  practice  its  value  is  taken  to 
refer  to  wave  length  0.665  ^  . 

Under  color  temperature  we  xmderstand  the  temperature  of  an  ideal  black  body, 
at  which  colorfulness  of  its  radiation  is  identical  with  colorfulness  of  the 


radiation  of  a  real  body  with  temperature  T, 


^1  —  ^  T ,mTf, 


(11.17) 


x,r„-k,r*. 

The  diffeimnce  between  color  and  true  temperatures  is  the  resiilt  of  selectivity 
of  radiation  of  different  bodies.  For  gray  bodies,  for  which  the  course  of  the 
curve  of  spectral  density  of  radiation  is  like  the  co\u*se  of  the  curve  of  radiation 
of  an  ideal  black  body,  there  will  be  no  such  difference. 

Knowledge  of  color  temperature  of  real  bodies  has  a  large  value  during 
appraisal  of  Integral  sensitivity  of  receivers  of  radiation  with  selective  reaction 
since  it  characterises  the  qualitative  side  of  radiant  flux. 
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4.  Electrical  SpurcM  of  Radiation 

Application  of  these  or  other  sovirces  of  radiation  energy  as  Irradiating 
devices  in  infrared  instruments  of  active  effect  (with  preliminary  irradiation) 
becomes  expedient,  if  they  satisfy  definite  requirements,  the  chief  of  which  are: 
high  efficiency  in  infrared  region  of  spectrum, 
duration  of  action  and  stability  of  radiation, 
possibility  of  using  Jointly  with  optical  systems, 
convenience  of  adjustaient  of  radiation  conditions, 

minimum  weight  and  dimensions  with  sufficient  emissive  power  of  radiation. 
These  requlreeients  are  satisfied  most  fully  by  electrical  incandescent  lamps 
(Table  II. 1) 


Table  II. 1.  Characteristics  of  Radiation  of  Certain  Radiators 
in  the  Infrared  Region  of  Spectrm 


Source  of  Radiation 

General 

Density, 

w/cm^ 

Density 
in  Region 

0.8-12  M 
w/car 

Distribu' 
in  Percei 
of  Soect 

bion  of  Ehergy 
fits  in  Region 
rum.  M  . _ 

e 

rH 

i 

a 

o 

B 

a 

i 

e 

cv 

Gas- filled  Tungsten  Tube.. 

0.0125 

0,007 

3.2 

20.5 

51,6 

Electrical  Arc . . 

0.034 

0.024 

12.8 

54 

26 

Mercury  Vapor  Tube . 

0.026 

0.01 

39 

21 

— 

Helium  Tube . 

0,021 

— 

100 

— 

— 

Pin  Tube . . 

0.0007 

0.0005 

60 

20 

— 

Electrical  Incandescent  Lamps 

In  electrical  incandescent  lamps  the  energy  supplied  to  the  body  of  incan¬ 
descence  is  expended  on  light  and  Invisible  radiation  and  losses  on  the  bulb,  gas. 
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and  holders.  Nuserlcal  values  of  these  aagnitudes  for  eontsnporary  tubes  of 
'  different  power  are  presented  in  Table  II. 2  and  show  that  electrical  Incandescent 
lanps  are  econonical  and  sufficiently  powerful  sources  of  radiation. 


Table  II. 2.  Qfiergy  Balance  of  Electrical  Incandescent  Lanps 


P,  Watt 

T,  -K 

1 

V 

lu/w 

Ehergy 
Tapped 
by  Holders, 

Losses 

in 

Gas,  f 

Losses 

on 

Bulo,  % 

Radiation 
Outside 
Bulb,  K 

Visible 

Radiation, 

25 

2535 

10.2 

1.8 

— 

7.0 

91.2 

7 

mO 

2710 

11.1 

1.6 

24.5 

7.1 

66.8 

6.8 

60 

2767 

12.8 

1.6 

22.2 

7.1 

69.1 

7.6 

100 

2837 

15.4 

1.7 

18.5 

7.0 

72.8 

9.3 

200 

2878 

17.0 

1.7 

13.7 

7.2 

77.4  ! 

10.2 

500 

2340 

19.6 

1.8 

9.2 

6.7 

82.3 

11.4 

1000 

2395 

20.5 

4.8 

6 

7.1 

82.1 

12.0 

Spectral  characteristics  of  the  radiation  of  certain  types  of  tubes  are  shown 
in  Fi«.  II.3  and  II. 4. 

At  present,  industry  is  relsasing  a  great  assortnent  of  electrical  Incandescent 
lamps,  data  on  which  can  be  found  in  corresponding  catalogs  aiKi  light  technology 
Inference  books.  When  selecting  them  as  sources  of  radiation  energy  in  infrared 
Instnasents,  it  is  necessary  to  consider  the  character  of  operation  of  the  instru> 
ments,  the  necessary  force  of  radiation,  the  tisM  of  operation,  the  possibility  of 
supplying  electric  power  by  available  sources,  etc.  (^e  should  give  special 
attention  to  the  selection  of  electrical  incandescent  l^pe  if  they  are  intended 
for  Joint  work  with  optical  systems,  since  in  this  case  an  important,  and  sometimes 
decisive  factor,  is  the  sise  of  the  tube  and  its  themal  conditions.  This,  first, 
is  connected  with  ins  placeawnt  of  the  body  of  Incandescence  in  focus  of  the  optical 
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system  and,  secondlx,  with  the  cooling  of  the  bulb  of  the  tube  Inside  a  comparatively 
Hwsll  volume  of  air  in  the  fittings,  closed,  as  a  rule,  by  the  Infrared  filter. 
PUri«herBK>re ,  such  tubes  are  renuired  to  have  high  dimensional  brightness,  i.e., 
ratio  of  limdnous  intensity  of  tube  to  area  of  incandescence. 


Pig.  II. 3.  Spectral  intensity 
of  radiation  of  iULundinating  and 
movie  projection  tubes  110  v, 

500  w. 

KEI:  (a)  Qsissive  power  of 

radiation  — - per  50  A;  (b) 

Movie  projection  ttibe;  (c)  Illu> 
mlnating  tube;  (d)  Wave  length, 

H  \  (e)  Volt;  (f)  Watt. 


Pig.  II. 4.  Spectral  intensity  of 
radiation  of  headlight  and  search-> 
light  tubes. 

KEY:  (a)  Qalssive  power  of 

radiation  "  —  per  50  A;  (b) 

Searchlight;  (c)  Headlight:  (d) 
rfpve  length, ><;(e)  Volt;  (f;  Watt. 


Electrical  Arcs 


In  irradiation  InstaJ '*  atlons  where  it  is  required  to  obtain  high  radiation 
intensity,  simple  and  hlgh-lntenslty  electrical  arcs  are  used  (Pig.  II. 5). 

A  simple  arc  will  be  formed  between  two  graphite  electrodes,  whose  cathode  is 
source  of  electrons,  and  on  whooe  anode,  as  a  result  of  bombardment  of  electrons, 
there  will  be  formed  a  heated  crater  with  temperature  of  an  order  of  4,000*K. 
Radiation  of  such  an  arc  is  determined  mainly  by  temperature  of  the  crater,  which 
radiates  nearly  85^  of  the  energy,  while  the  cathode  radiates  nearly  10^,  and  the 
flaaw  •>  5%  of  the  energy. 
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Brightness  of  siapls  arcs  stteine  18,000-20,000  stUb  when  fed  hy  direct 
current  and  12,000  stllb  when  fed  by  sltenistlng  current.  Ltslnous  efficiency  is 


12-14  lu/w. 


Fig.  II. 5.  Spectral  radiation 
flux  lerel  of  simple  arc. 

KEY:  (a)  Radiant  flux,  %t  (b) 
Ware  lenglh,  u  • 


ng.  II. 6.  Spectral  radiation  flux 
level  of  high- intensity  arc. 

KFT:  (a)  Radiant  flux,  %;  (b)  Wave 
length,  M  i  (c)  Ideal  black  body  at 
T  5000»K. 


For  improvement  of  light  characteristics  of  are  it  is  necessary  to  increase 
density  of  current  between  its  electrodes.  In  such  arcs,  having  the  name  high- 
intensity,  electrodes  have  a  soft  wick,  l.e.,  core,  consisting  of  30-60^  mixture 
of  fluoride  salts  of  raiv-eaz*th  metals,  coot  or  graphite  and  up  to  U%  boric  acid 
(Fig.  II. 6). 

Brightness  of  high  tensity  ares  attains  80,000  stilb  due  to  adding  the 
radiation  of  a  crater  with  a  temperature  of  nearly  5,000"K  to  the  pure  tempera tuz^ 
of  the  Imlnescent  radiation  of  heated  vapors  of  rare-earth  metals. 

In  connection  with  the  higher  temperature  of  a  crater  of  such  an  arc,  the 
spectrum  of  its  radiation  will  shift  as  compared  to  the  spectrum  of  radiation  of  a 
simple  arc  in  the  direction  of  shorter  waves  (iMtKc^O.G  n  )  .  This  also  explains 

the  almost  Identical  effectlvsness  of  both  types  of  arcs  in  the  infrared  region 
of  the  spectnai. 
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5.  Radiation  of  Industrial  and  Military  Ob.lects 


The  actirlty  of  the  overwhelming  majority  of  industrial  and  military  objects 
Is  connected  with  the  application  of  energy  installations,  as  a  result  of  whose 
oper&wlon  a  large  quantity  of  themal  energy  and,  consequently,  radiation  energy 
is  released.  These  objects  have  a  definite  themal  coni^rast  relative  to  the 
gurroundlng  background,  due  to  which  they  can  be  revealed  by  Instruments  of  infrared 
technology. 

In  their  properties  and  characteristics  Industrial  and  military  objects  can 
pertain  both  to  extended  and  to  point  sources  of  radiation.  But  in  both  the  first 
and  second  case  the  radiation  of  these  objects  depends  on  temperature,  configuration, 
and  area  of  radiating  surfaces,  their  mutual  location  and  degree  of  blackness. 

This  causes  a  large  variety  in  the  radiations  of  effective  objects  both  in  power 
and  in  spectral  composition  and  space  distribution  of  radiation  energy. 

It  is  natural  that  with  such  a  variety  of  heat-radla  ng  objects  a  general 
criterion  for  appraising  their  radiation  camx>t  be  fonmalated.  It  Is  expedient 
to  estimate  in  each  specific  case  the  radiation  of  objects  which  occupy  a  large 
area  and  have  a  very  large  quantity  of  sources  of  thennal  radiation  differing  in 
characteristics.  Moreover  the  relative  location  of  sources  of  radiation  on  an 
industrial  site  can  essentially  change  tentative  calctilations .  Calculation  of 
thermal  radiation  should  be  made  by  analogy  with  calculation  of  radiation  of  non¬ 
black  bodies,  considering  these  objects,  with  sufficient  accuracy  for  practice,  to 
be  gray  and  diffusely  radiating  bodies.  Such  ebnpllficatlon  allows  the  comparatively 
simple  estimation  not  only  of  integral  radiation  of  an  object,  but  also  distribution 
of  radiation  energy  by  spectrum. 

Sometimes  it  is  expedient  to  separate  from  a  group  of  heat-rad  dating  o'  ects 
in  a  considered  territory  one  or  two  of  the  most  powerful  sources  of  radlt.tlon  and 
take  their  radiation  as  the  radiation  of  an  object  on  the  whole.  Error  in 


appralalng  radiation  will  be,  in  this  case,  less  the  Bore  the  difference  between 
temperatures  of  surfaces  of  selected  objects  and  the  reaialning  sections,  and  also 
the  smaller  the  az^a  and  the  coefficient  of  enisalvlty  of  the  latter.  Such  a  method 
of  appraisal  gives  comparatively  good  results  when  detenalnlng  radiation  of 
industrial  objects  of  the  metallurgleal  Md  aetal-worklng  industry,  coke-chemical, 
etc.  factories,  thermal  electric  power  stations,  and  railroad  junctions.  these 
objects,  as  a  rule.  It  is  possible  to  separate  separate  objects:  blast  furnaces, 
hot-blast  stoves,  coke  batteries,  furnaces  for  firing  ore,  cupola  furnaces,  open- 
hearth  furnaces,  dvnps  of  hot  slag,  pipe,  basins  for  discharging  water,  open  boiler 
units,  locomotives,  etc.,  vdK>se  radiation  sometimes  exceeds  radiation  of  surrounding 
objects  many  tisMs. 

If  it  is  not  possible  to  separate  separate  heat-radiating  objects  on  an 
industrial  site,  then  it  is  necessary  to  apply  the  "zone  method". 

The  essence  of  this  more  tedious 
method  of  calculation  consists  in  the  fact 
that  the  entire  industrial  site  is  broken 
down  into  separate  sections  (zones)  with 
objects  hawing  approximately  identical 
temperatures  and  blackness  coefficients 
of  their  surfaces. 

For  these  objects  Is  determined  the 
density  of  radiation  in  horizontal  and 
vertical  planes  (sosMtlmes  this  is  necessary  to  produce  also  from  different 
directions).  Having  arranged  in  a  definite  scale  radiation  densities  of  a  given 
zone  in  two  mutually  perpendicular  planes,  we  conne  ct  their  enas  by  a  straight 
line,  on  which,  as  on  diame'ver,  we  construct  a  sesil-clrcle  (Fig.  II. 7).  Than  any 
straight  line  conducted  at  angle  (p  from  point  0  to  intersection  with  aead.circle 
will  detenaine  in  that  same  scale  the  radiation  density  in  the  vertical  plane  at  an 


Fig.  II. 7.  To  calculate  radiation 
of  objects  In  a  vertical  plane. 


an^le.  Density  r '*  ridlatlon  of  all  of  the  industrial  objective  on  the  whole,  to 
whatever  interesting  direction,  may  be  detersdned  by  means  of  geometric  simmstisn 
of  vectors  of  radiation  densities  of  separate  heat- radiating  objects  in  a  given 
direction, 

It  is  possible  similarly  to  estimate  radiation  and  objects  of  military 
technology.  Calculation  in  this  case  is  significantly  simplified  by  the  fact  that 
heat-radiating  surfaces  of  military  objects  are  concentrated  in  a  small  area  and 
are,  as  it  were,  local  so;irces  of  radiation. 

Actually,  on  ships  basic  sources  of  radiation  are  pipes  and  gas  torches, 
radiating  radiant  flux  in  the  direction  of  the  upper  hemisphere;  on  tanks  -  the  rear 
armor  plating  under  vdilch  is  located  the  motor  and  exhaust  branch  pipe*  for  cannons 
-  the  bazrel  heated  during  firing;  for  aircraft  -  motors  and  exhaust  gases  ;  and 
for  objects  flying  with  supersonic  spMed  (aircraft  and  rockets)  there  is  the  skin, 
heated  up  to  high  temperatures  as  will  be  shown  below,  due  to  aerodynamic  drag. 

As  an  example  w<n  will  consider  the  peculiarity  of  radiation  of  aircraft 
(aircraft  and  rockets),  which  are  in  this  respect  the  most  characteristic  military 
objects  since  in  them  are  concentrated  high  energy  capacity  in  a  comparatively 
small  volmne  and  there  occurs  radiation  of  both  the  motors  and  exhaust  gases  and 
the  sheathing  of  the  apparatus. 

For  aircraft  with  piston  motors  basic  sources  of  Infrared  radiation  are  exhaust 
branch  pipes,  outgoing  from  branch  pipes,  and  hoods  of  motors.  Their 

radiation  intensity  is  determined,  as  in  earlier  considered  examples,  by  temperature, 
dimensions  of  surfaces,  degree  of  their  blackness,  and  also  fuUndSB  of  ewburtion 
of  fuel.  Distribution  of  radiation  energy  in  space  is  determined  also  by  the  degree 
of  shielding  of  heat-radiating  surfaces  by  other  parts  of  the  aircraft. 

Hoods  of  motors  have  comparatively  low  temperature  (80  -  100“C)  arxi  u  small 
coefficient  of  blackness  (0.2  -  0.45)  which  causes  the  low  intensity  of  their 
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radiation.  Howerer,  depending  upon  type  of  aircraft,  or  BOre  correctly  on  the 
structural  distribution  of  units  of  the  power  plant,  radiation  of  hoods  can  spnsad 
both  to  the  front  and  to  the  rear  of  the  heodsphere  upward  and  downward. 

Exhaust  ga5es  of  piston  aiotors  include  a  large  quantity  of  fine  hard  particles 
of  carbon  heated  to  a  temperature  of  1,000-1,100*C.  Their  appearance  in  gas  flow 
is  the  result  of  incomplete  combxistion  working,  as  a  rule,  with  a  silxture  Insuf¬ 
ficiently  enriched  with  air.  The  presence  of  such  particlec  in  gas  flow  signi- 
cantly  increases  its  emissivity  and  ensures  a  practically  continuous  spectrum  of 
radiation  of  exhaust  gases  of  a  piston  motor.  The  indicatrix  of  the  radiation  of 
exhaust  gases,  as  a  rule,  is  extruded  in  the  direction  of  the  rear  hemisphere  and 
al^ng  the  transverse  axis  of  the  aircraft. 

In  the  total  balance  of  radiation  of  an  aircraft  with  piston  motors  the 
fraction  of  radiation  of  exhaust  gases  and  hoods  of  motors  oscillates  fiu  i  35  to 
The  restaining  part  (65-55^)  is  apportioned  to  radiation  of  exhaust  branch 

pipes. 

E'diaust  branch  pipes  of  motors  are  disposed  either  under  the  center  section 
of  aii  ajrcrait  or  above  it,  along  the  longitudinal  axis  of  an  aircraft.  Therefore, 
propagation  of  radiation  energy  fra.,  the  heated  branch  pipes  can  occur  either  in 
the  direction  of  upper  or  lower  healspherea  with  maxiaum  of  radiation  along  the 
cr^'nsverse  a:d.s  of  the  aircraft.  Propagation  of  radiation  in  the  direction  of 
.rent  and  iv.ar  hemls^eres,  will  depend  on  the  degree  of  change  of  visible  dimensions 
of  surface  of  branch  pipes  and  dimensions  of  svxrfacos  of  elbow  and  branch  pipes  exit. 

Temperature  of  branch  pipes  attains  values  of  an  order  of  800- TOO *C  near 
collector,  being  lowerea,  by  measttre  of  approach  to  cut  off  to  250-350*C.  Material, 
from  vdiich  a  br^-ich  pipe  is  prepared  is  heat-resisting  steel  o.xidlzed  in  the  process 
of  opeiati.'ig  the  aircraft.  Therefore,  th'*  blackness  coefficient  of  the  siirfacss  of 
L ranch  pipes  is  sufficiently  great,  attaining  values  of  0.8-0. 9. 

The  piriscnter:  data  allow  us  in  the  example  cf  a  C-47;  to  estimate  radiation 
of  an  aircraft  with  a  comparatively  low  capacity  power  installation. 
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On  the  C-47  two  ojchaust  branch  pipes  with  a  diaaeter  of  15  cm  and  a  length  of 
nearly  100  cm  are  placed  \jnder  the  center  section  from  the  external  side  of  each 
of  the  two  motors.  Radiation  of  one  branch  pipe  along  the  transverse  axis  of  the 
aircraft  will  be  equal  to  1.94  *  103  w,  and  it  spreads  in  horiaontal  or  vertical 
planes  only  to  one  side.  The  radiation  intensity  in  a  direction  perpendicular  to 
the  surface  of  the  branch  pipe  will  constitute  a  magnitude  of  the  order  of  620 
w/sterad. 


Fig.  II. 8.  Indicatrix  of  the 
radiation  of  a  C-47  in  the 
horisontal  plane. 


Consequently,  the  radiation  of  all 
of  a  point  source  with  a  power  of 


During  apptaisal  jf  total  radiation 
capacity  of  an  aircraft  it  is  necessary 
to  consider  radiation  of  the  two  branch 
pipes  to  all  sides.  Then  the  total 
radiant  flux  due  to  radiation  of  only  the 
cylindrical  part  of  two  branch  pipes  will 
constitute 

V^2%DImT*^\Z  \G‘  w 
le  C>47  win  be  equivalent  to  the  radiation 
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Approximate  distribution  of  radiation  intensity  of  a  C-47  in  a  horisontal 
plane  due  to  the  radiation  of  branch  pipes,  exhaust  gases,  and  hoods  of  motors  is 
shown  in  Pig.  II. 8. 

For  Jet  aircraft  at  subsonic  speeds  of  fll^t  a  basic  source  of  radiation  is 
the  Jet  engine  together  with  the  extension  pipe  and  exhaust  cone  (if  thei'e  is  one), 
and  also  the  Jet  of  gases  outgoing  frcsi  the  noszle.  In  distinction  from  a  piston 
motor  the  specific  gravity  of  the  radiation  of  gases  here  is  significantly  less  due 
to  a  fuller  cos' -'.•'jistior.  of  fuel  at  a  surplus  of  oxygen  and  the  absence,  due  to  this, 
in  the  gae  stress  of  hard  heated  particles  of  carb  n.  Radiation  of  the  gas  fraction. 
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in  the  fom  of  two->tiU*ee  atoiBlc  molecules,  has  a  band  spectnin  coinciding  with  the 
absorption  spectrun  of  analogous  molecules  in  tne  air.  Therefore,  radiation  of 
heated  vapors  of  water  and  carbon  dioxide,  separated  in  the  biggest  quantity  during 
full  combustion  of  carbohydrates,  does  not  play  any  noticeable  role  in  the  total 
balance  of  radiation  of  the  gas  stream  at  low  altitxides.  However,  it  can  render 
noticeable  influence  at  great  heights  idiere  contents  of  CO2  and  H2O  are  small 
(Fig.  II. 9). 
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Pig.  II. 9.  Spectral  intensity  of 
radiance  of  a  Jet  of  gases  during 
coBibustion  of  kerosene  fuel. 

KEY!  (a)  Spectral  Intensity  of 
radiance,  w/cm?  .  sterad  *  m  i 
(b)  Wave  length. 


In  literature  [3,  4]  le  indicated 
that  radiation  of  a  gas  stream  of  a  Jet 
engine  with  a  temperature  of  1,200*K  has 
a  maximum  near  2  m  .  During  emlssivit  ' 
e  0.1  total  radiation  intensity  of  gas 
stream  constitutes  6.8*10^15  w*m“^*dcg“^. 

Form  of  the  Jet  of  gas  stream  and 
distribution  of  temperature  in  it  are 
shown  in  Pig.  11,10  [5]. 

In  connectlcn  with  this,  radiation 
of  Jet  aircraft  basically  is  conditioned 


by  radiation  of  the  internal  cavity  of  the  extension  pipe,  the  walls  of  which  have 
a  temperature  of  the  order  of  several  hundreds  of  degress,  and  open  parts  of  the 
motor  (blades  of  the  turbines,  the  exhaust  cone). 

Blades  of  the  turbines  are  washed  by  the  gas  flow  with  a  temperature  of 
700-750*0  at  a  exhaust  velocity  of  300-400  m/sec.  Therefore,  if  one  were  to  con¬ 
sider  aerodynsBilc  heating,  temperature  of  the  blades  of  a  gas  turbine  can  exceed 
800*C,  since  with  such  a  speed  increase  of  temperatmre  Ir  places  of  full  braking  of 
gas  constitutes  a  magnitude  of  an  order  of  45-fl0*C  [6]. 

In  Fig.  II. 11  are  given  experimental  data  [7]  on  temperature  Increase  of  air 
in  the  compressor  at  altitudes  of  11,000  -  25,000  m,  which  show  that  blades  of 
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turbinea,  on  the  end  of  It  and  exudned  through  the  exhaust  nosxle  exit  of  the 
extension  pipe  of  the  Motor,  can  have  a  sl^if leant  temperature. 


Pig;.  II. 10.  Font  of  Jet  a)  and 
disti'ibtttlon  of  tesiperatttre  in 
the  gas  strean  of  a  Jet  enxlne 
^th  traction  of  300  kg  b;. 

KE7:  (a)  Temperature |  (b)  Distance 
from  aJds,  m)  (c)  Axis  of  stream} 
(d)  Distance  from  noszla  exit,  m. 


H.ll.  Temperature  inersMs 
of  air  along  the  axis  of  the 
compressor  at  heists  of  11,000- 
~25,00C  m. 

Tradition  from  Fahrenheit  teat- 
perature  scale  to  centlgrats  scale 
Is  carried  out  by  the  formula 

rc— f  {rr-m 

KET:  (a)  T€mperaturo,‘*P}  (b) 
Inlet;  (c)  Length  of  compressor. 


In  connection  with  this  the  indicatrix  of  the  radiation  of  a  Jet  engine,  and 


also  the  Jet  aircraft  on  the  whole,  in  distinction  from  the  indicatrix  of  radiation 


of  an  aircraft  with  piston  motors,  has  a  sharply  directed  character.  Basic  radi¬ 
ation  must  be  in  the  direction  of  the  rear  hemisphere.  The  character  of  the  radi¬ 
ation  indicatrix  for  each  type  of  Jet  aircraft  will  be  determined  by  thermal  con¬ 
ditions  of  the  BK>tors,  their  mmdwr,  and  also  the  geometric  relationships  between 
length  and  diameter  of  the  extension  pipe,  the  base  between  moton  and  the  length 
of  the  fuselage. 


with  transition  to  supersonic  speeds  of  flight  a  source  of  thermal  radiation 
of  an  aircraft  is  the  sheathing  of  the  airframe  whera  specific  gravity  of  radiation 
of  sheathing  in  the  total  balance  of  radjatlon  intensity  of  the  aircraft  conc,in- 
uously  increases  with  growth  In  speed  of  fli^t.  Besides,  increase  of  speed  of 
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flight  requires  application  of  hl^er  energy  propellants  and,  consequently,  radi¬ 
ation  of  the  proj,  .iion  systen  also  will  be  Increased. 

Now  Buch  woric  is  conducted  on  the  creation  of  new,  more  cheailcally  artlre 
fuels.  In  particular,  fuels  are  being  dereloped  with  inclusion  of  powdery  metal 
which  during  coabustion  would  separate  a  large  quantity  of  heat  (for  instance, 
alianlnuB,  berylllimi,  llthlwk  and  others).  In  this  case  radiation  of  the  gas  stream 
will  be  sharply  increased  due  to  radiation  of  heated  particles  of  metal  oxides  and 
Increase  of  the  radiation  factor  of  the  stream.  Another  direction  in  the  creation 
of  highly  active  particles  of  metal  oxides  and  increase  of  radiation  factor  consists 
of  the  development  of  synthetic  compounds  of  hydrogen  aith  certain  elements  (boron, 
lithlun,  and  others).  Obtained  thus,  the  fuel  pentaborane  (a  compound  of  boron 
with  hydrogen)  at  coabustion  separates  1.5  times  more  heat  than  the  usual  fuels. 

This  undoubtedly  will  lead  to  an  increase  of  esiisslve  power  of  radiation  both  of 
the  motor  and  the  gas  stream. 

During  supersonic  flight  sheathing  of  aircraft  brakes  the  encountered  air 
flow,  its  kinetic  energy  passes  into  heat,  causing  heating  of  the  boundary  layer 
and  the  sheathing  to  a  temperature  of  T^,  the  magnitude  of  which  may  be  calculated 
by  the  formula 

Oi— 2000  6  ’  (11.19) 

where  T  is  temperature  of  the  braked  layer  of  air,  *K; 
o 

T,  is  temperature  of  the  air  flowing  around  the  body,  *K; 

0  is  speed,  m/sec; 

M  is  Mach  n\miber. 

The  relationship  of  the  absolute  temperature  of  the  undisturbed  air  flow  and 
the  temperatuz*e  of  the  flow  braked  to  sero  speed  at  different  Mach  nmsbers  is  given 
in  Table  II. 3. 
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Table  II. 3.  The  Ratio  of  the  Tespeniture  of  IRidleturb^  Air 
Flow  to  the  Temperature  of  Air  Brakeo'  to  Zero  Speed  at  Various 
Mach  Nimbers. 


M 

0 

i 

2 

2.5 

3 

4 

5 

10 

r/r. 

i 

0.883 

0.556 

0.444 

0.357 

0.238 

0.167 

0.048 

In  11.12  are  giwen  computed  he^.ting  curyes  of  the  surface  of  an  aircraft 
due  to  braking  of  air  flow,  with  supersonic  speed  of  flow  at  altitudes  uf  to  1  km, 
without  calculation  of  losses  In  radiation.  For  hl^er  speeds  of  flight  at  heights 


from  11  ^lO  25  km  the  heating  curve  of  the  ahe^ithing  of  an  aircraft  at  places  of 


full  braking  is  presented  in  Fig.  11.13  [?]• 


Fig.  11.12.  Temperature  of  the 
surface  of  an  aircraft  at  point 
of  braking,  depending  upon  speed 
i  t  fllAt. 

KET:  (a)  Temperature  of  surface, 
*C;  (b)  Speed  of  flight,  km/hr. 


11.13  •  Temperature  of  braking 
depending  upon  Mach  nuiber  at 
heights  of  flight  11,000  >  25,000  m. 
KET;  (a)  Temperature  of  braking, 

•Yi  (b)  Mach  nunber. 


The  given  curves,  obtained  br  means  of  calculation  bj  the  foruaila  (11.19), 
give  satisfactory  agx*eement  /1th  experimental  d  ta,  although  losses  of  thermal 
eneijy  d\ie  to  radiation  were  not  considered.  These  losses  will  be  higher  the 
higher  the  taaperatnre  of  the  surface  and  the  more  its  emissivity  coefficient  e.  This 
dependency  [8]  is  shown  in  Tig.  11.14. 
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Fig.  11.14.  EquHibrltn  t€iip«r4tiir« 
of  a  body-  d^l^lng  aorodynaale  heating, 
taking  into  account  radiation. 

ITCTs  (a)  Teaporature ,  ®C|  (b)  Mach 

number. 


Besides  heating  of  the  aircraft's 
sheathing  due  to  aerodynamic  braking  of 
the  air,  its  heating  occurs  also  due  to 
friction  In  the  botmdary  layer.  The 
magnitude  of  aerodynamic  increase  of 
tamperature  in  this  case  may  be  calculated 
from  relationship  (II. 9),  taking  into 
account  Prandtl  mmiber  (Pr) 

Ar=^^V^=0,852^ .  (11.20) 


Temperature  of  heating  of  sheathing  of  certain  contemporary  aircraft  In 
flight  (tl.a  United  States)  is  presented  in  Table  II. 4- 


Table  II. 4.  Ebcperimental  Data  on  Heading  of  Sheathing  of  Certain 

Aircraft  [93 


Typo  of  Aircraft 

K 

Temperatu 

re  of  Shaathlna 

*C 

“K 

Convair  F-106 . 

1.5 

60 

333 

MacDonald  F-101. . . . . 

1.6 

62 

335 

Lockheed  F-104A . 

2.0 

122 

395 

Martin  lB-68 . 

2.5 

2U 

487 

Bell  X-2 . 

3 

333 

606 

Established  or,  as  it  is  otherwise  called,  equilibrluv  teaperature  of  sircrsft 
sheathing  sets  in  not  at  oner.  Fbr  that  a  definite  time  is  required,  depending  on 
thermal  conduction  of  the  sheathing  material,  its  eadaslrlty,  and  height  of  flight 
of  tlie  aircraft.  As  an  example  in  Fig.  11.15  are  presented  curree  of  skin  heating 


of  aircraft  during  supersonic  flight  with  speed  corresponding  to  Mach  4«  at  heights 
of  6,100  ar.d  36,600  a  ClO]. 

As  can  be  seen  fron  Pig.  11.15*  at  a  iMig^t  of  6,100  u  an  sqnlllbrloa  tflnper> 
ature  of  aircraft  sheathing,  equal  to  6d0*C,  is  sstabllshsd  in  less  than  1.5  vin 
of  flight  vrlth  a  speed  of  Kach  4,  shereas  at  height  36,600  a  it  is  eatabUshsd  only 


after  20  minutes. 


Fig.  11.15.  Growth  of  surface 
temperature  of  aircraft  in  tias 
during  flight  speed  of  Mach  4. 
KEY:  (a)  Temperature,  *0;  (b) 

Time  of  flight,  minutes. 


Heating  of  aircraft  sheathing  during 
superaonie  flight  pemits  the  aircraft 
U  baccaa  a  source  of  intense  radiation 
of  infhared  rajs,  the  flux  of  iddeh 
practieallj  spreads  to  all  sides  within 
Halts  of  solid  angle  4  n-  this  ossii*' 
directional  radiation,  the  aaipadtads  of 
which  in  a  given  direction  will  depend 
on  dlaafwions  of  projeetlon  of  the  surface 
of  the  aircraft.  Its  wisslvitj  and 
tsaperatva,  will  be  added  to  the  veer- 


increasing,  sharply  directed  radiation  of  Jst  snginea  and  will  sake  aircraft  aore 
vulnerable  to  detection  and  deatruction  (target-aaaklng  guidance  end  exploding  of 
rockets)  by  means  of  Infrared  technology. 

lower  thermal  radiation  of  the  alrfraaa  of  auparaonic  aircraft  la  vlriaally 
possible  only  by  the  application  of  aateriaia  ter  ahaathlng  with  very  low  esdsaivlty. 
However,  this  requirement  is  In  cont'eadlctlon  with  the  requirsaent  of  high  eaiasivlty 
of  sheathing  siaterial  for  its  intense  cooling  in  order  to  Ineraaaa  the  dwr^iUty 
of  aircraft  during  supersonic  flight  (the  problsa  of  the  theraal  barrier). 

Still  more  powerful  aourcee  of  thexaal  radiation  are  rockets,  whose  speed  of 


flight  aignif leant ]y  exceeds  sonic.  For  rockets,  the  basic  eausca  of  appaarance 
of  thermal  radiation  ore  the  heating  of  the  body  daring  operation  of  the  motor. 


aerodynaaiic  heating  during  flight  in  dense  lajrars  of  ataiDsphere,  and  heating  of 
the  body  of  the  rocket  due  to  solar  radiation  during  ite  flight  in  space.  Further- 
more,  in  the  initial  stage  of  flight,  a  powerful,  although  brief,  source  of  radi¬ 
ation  is  the  Jet  of  heated  gases  ejected  by  the  notor. 

Due  to  the  operation  of  the  notor,  the  body  of  a  rocket  and  especially  its 
tall  part  can  be  heated  to  significant  tesiperatures ,  since  temper  ‘^ure  in  the 
conbustion  chamber  attains  2,000-3,CXX)*’C;  however,  the  most  intsnse  heating  of  the 
body  occurs  due  to  the  flight  of  a  rocket  in  dense  layers  of  atmosphere. 

Thus,  for  Instance,  it  is  known  that  the  Geman  rocket  the  FAU-2  (A-A),  due 
to  friction  against  air  at  a  flight  specKl  near  5,600  km/hr,  was  heated  to  red 
incandescence.  Calculation  of  the  body  temperature  of  the  FAU-2  rocket  by  the 
formula  (11.20)  shows  that  its  temperature  constituted  a  magnituds  of  the  order  of 
950«C . 

If  one  were  to  consider  dimensions  of  a  rocket  (length  near  14  a,  maximum 
dlueeter  1.65  m)  and  its  form,  then  it  is  possible  to  estimate  its  radiation  as  a 
magnitude  of  the  order  of  4,000-5,000  kilowatt. 

Space  rockets  additionally  are  heated  by  solar  rays  during  flight  in  space 

til]. 

The  heat  balance  of  space  rockets  (burning  of  fuel,  aerodynasdc  heating  and 
heating  by  solar  rays),  in  the  final  result,  determines  t  .le  resultant  temperatiuro. 
Heating  of  the  body  of  a  rocket  due  to  its  irradiation  by  solar  rays  should  be  con- 

a 

sidered  only  during  its  flight  in  space,  where  heating  due  to  friction  is  practically 
absent,  and  the  motor  of  the  rocket  has  ceased  its  work.  Appraisal  of  this  radi¬ 
ation  can  be  conducted  in  an  exuple  of  a  hypothetical  space  body  of  spherical 
form,  having  a  shell  from  material  trlth  esdmslvity  e->  1  (ideal  conductor  of  heat). 
Solar  constant  is  1,200  w/m^.  Under  the  action  of  this  irradiation  the  surface  of 
a  sphere  turned  to  the  Sun  will  be  evenly  heated  proportionally  to  the  product  of 
the  solar  constant  by  the  area  cf  projection  of  the  sphere  (ajrea  of  great  circle) 


&nd  InortlAlesuly  will  tranonit  he*t  to  that  part  of  tho  aphero  uriiieh  la  turned 
fron  the  Sxm.  Such  «  atate  of  heating  of  aphere  will  continue  aa  long  aa  radiation 
frOB  all  of  the  aurface  ia  not  balanced  faj  radiation  Incident  froai  the  Sun.  Fbr 
a  aphere,  the  total  aurface  and  area  of  parojectlona  are  connected  bjr  ratio  U  i  1. 
ConaequentlT-,  a  heated  aphere  will  radiate  290  v/a^  only  due  to  solar  Irradiation, 
which  corresponds  to  radiation  of  a  shell  with  a  tanperature  of  290-3CX)*K. 
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PROPAGATION  OF  RADIATION  EfTERGT  IN  THE  ATMOSPHERE 


The  air  envelope  of  Earth  -  the  atmosphere  -  is  that  medium,  in  which  there 
occurs  transfer  of  radiation  energy  from  source  to  receiver.  Composition  and 
croperty  of  the  atmosphere,  in  many  respects,  predetermine  effectiveness  of  appli¬ 
cation  of  infrared  instnanents. 

1.  Composition  of  the  Atmosphere 

Atmosphere  of  Earth  constitutes  a  mechanical  mixture  of  gases  and  fine  solid 
particles  in  it  in  suspension.  Such  a  otlxture  is  called  aerosol. 

Table  III.l.  Basic  Solid,  Liquid,  and  Gasiform  Impurities 


in  the  Atmosphere 


Impurity 

Dimension,  on 

Nvaaber  in 

1  dm5 

Rate  of 

drop, 

cm/sec 

Moleciues  of  Gases.... 

10-® 

2.8*10^^ 

1 

Ions:  light . . 

2.5-10”® 

5-1o2 

average. ........ 

10-7 

ic3 

— 

heavy . 

10”O 

103 

— 

Dust:  cosmic . 

10'5_10"^ 

MW 

±KJ  iU 

102— icA 

10-3 

Condensation  nuclei... 

10“^— 10“5 

102— io5 

1 

10“7 

Drops:  haze. . 

fog . 

drizzle . 

10”5— 10”^ 
10“^~.10“3 

10-2 

102__io3 

10- -103 
1—10 

10-3—10-2 

10-3«j^O-2 

rain . 

10“^ 

1 

1—4 

5-102 

-  r  suri.-v,  *lr.9  orB'Ar*.  *-C  ■•tlfh'-#  orritr  cf  -i.  »» . 

w^w^v'T,  ir.  H’XC'ipi'.wr*  ori’iinin*  *«'«-  v*por,  -he  percen**ne  of  gA0«s  chanitea 

def^endlng  upon  ^he  qu*rtiT.7  of  stean. 

In  the  ataonphere,  in  variable  qiiantity,  are  water  vapor  and  oolid  and  liquid 
impurities  (Table  lll.l).  Their  quantity  in  the  atmosphere  changes,  depending  upon 
the  geographic  medium,  the  activity  of  nan,  ana  nature.  In  this  group  one  should 
include  carbon  dioxide  and  ozone,  which,  along  with  water  vapor,  solid,  and  liquid 
impurities,  affect  optical  properties  of  the  atmosphere. 

Water  Vapor 

Depending  upon  temperature  and  himddlty,  the  atrao8phei*e  can  contain  from  0  to 
i4.%  water  vapor  (in  voliane).  Dimensions  of  its  molecules  vary  from  ll‘lCr5  u> 
14.10”^  "  ,  With  B  lowering  of  temperatvire  quantity  of  water  vapor  diN>ps  (Table 
III. 2).  Differing  also  are  average  contents  of  water  vapor,  depending  upon 
geographic  latitude  (Table  III.3). 


Table  III. 2.  Change  of  Pressure  of  Saturated  Water  Vapor 

E  and  Absolute  Atmospheric  Humidity  A  for  Earth, 
Depending  Upon  Temperature 


t,  ®c 

1 - 

-20 

-5 

0 

+5 

-t-10 

+20 

+30 

440 

+50 

E,  m  Hg  cm 

0.95 

1.43 

2.14 

3.16 

m 

6.54 

9.21 

17.54 

31.82 

55.3 

92.5 

e,  mb 

1.27 

1.91 

2.85 

4.22 

a 

8.64 

12.26 

23.28 

42.42 

73.7 

123 

A,  g/m^ 

1.08 

1.6 

2.35 

3.41 

4.86 

6.32 

9.41 

17.32 

30.38 

51.1 

j 

82.8 

With  increase  of  height,  quantity  of  water  vapor  sharply  decreases,  since 
affecting  its  distribution  are  the  low  temperatures  and  processes  of  condensation 
and  also  Ihe  distance  from  the  surface  on  which  occurs  the  process  of  evaporation. 
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For  average  conditions,  decrease  of  absolute  humidity  with  height  (water  vapor 
pressure)  may  be  approximately  expressed  by  barometric  formula 

where  p  «  5,000  for  lower  layers  of  the  atmosphere  If  height  is  expressed  in  meters. 

Proceeding  from  expression  (III.l),  one  should  expect  that  water  vapor  pressure 
or  absolute  atstospheric  humidity  at  2,000  m  will  be  half  as  much,  at  5,000  m  will 
be  ten  titres  less,  at  10,000  m  one  hundred  times  less  than  at  the  surface  of  earth. 
Research  ccr.firms  this  position  and  shows  tnat  the  basic  quantity  of  vapor  is 
concentrated  in  the  lower  S-kilometer  layer.  The  presence  of  moisture  at  great 
heights  io  connected,  as  a  rule,  %rlth  vertical  displacements  of  air  masses,  however, 
in  spite  of  this,  vapor  pressure  at  the  boundary  of  the  troposphere  (11,000  m)  drop® 
to  =  0.0137  mb. 

A  number  of  authors,  characterizing  the  humidity  of  the  atmosphere,  operate 
with  an  idea  of  water  content  under  iidiich  they  understand  the  quantity  of  water 
precipitated  lii  a  layer  of  a  single  section  with  extent  L 

W^a„L,  (in. 2) 

where  Oh  Is  absolute  atmospheric  humidity  at  height  H. 

Water  content  of  a  layer  may  be  defined  both  in  mass  units  (g)  and  in  units 
of  length  (am) . 
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a“t3cr  is  rr^s^r'  :r  *»  a  r^^ul*-  cf  v’r.-i’  i'Wri'y  ’  f 

^r^APir  naVur*»  rt.'*'*  •«v4Aa^  I'lr  fmm  T.h^  -Arth'S  "rust,  hmrt*wrr,  ''■■rt“r!‘-S  ir. 

surfacR  layer  are  nonuni  form.  Thus,  its  arera^e  content  in  pure  rural  air  is  taicen 
to  be  0.03^  by  volume,  whereas  above  cities  its  content  can  reach  0.05?. 

Due  to  the  vertical  mixing  of  the  atmosphere  such  concentration  of  carbon 
dioxide  is  kept  constant  to  heights  of  the  order  of  20-25  km. 

Ozone 

Ozone  (O^)  in  the  atmosphere  is  contained  up  to  0.00004?.  Distribution  of 
ozone  in  the  atmosphere  is  nonuniform.  In  lower  layers  of  the  atmosphere  ozone  is 
contained  from  0.000001  to  0.00001?,  and  at  a  height  of  <  >->70  km  only  traces  of  it 
are  observed. 


Solid  and  Liquid  Impurities 

Besides  water  vapor,  ozone,  and  carbon  dioxide,  in  the  atmosphere,  constantly 
present,  are  dust,  smoke,  particles  of  salt,  pollen  of  plants,  bacteria  and  microbes, 
drops  of  water,  and  small  crystals  of  Ice.  Tlie  majority  of  these  impurities  not 
only  will  directly  dim  atmosphere,  but  also  have  a  large  value  in  cloud  formation 
and  fog,  coming  forward  in  the  role  of  condensation  nuclei  of  water  vapor. 

Distribution  of  solid  and  liquid  particles  by  height  is  intimately  connected 
wirh  Lhelr  rate  of  drop,  which  may  be  calculated  by  Stokes'  formula 

e=  1.26- 10*-r*  cm/sec  (III. 3) 

where  r  is  radius  of  particle,  cm. 

This  formula  agrees  well  with  experimental  data  for  particles  having  a  radius 
not  more  than  10”^ cm,  and  shows  that  particles  by  dimension  loss  than  1  u  drop 
with  such  insignificant  speed  (v  <  10“^cra/sec)  that  they  turn  out  to  be  in  suapjension 
and  are  easily  carried  by  ascending  flews  upward. 
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where  ^  is  coefficien’  of  turbiilence , 

Op  is  n\*nber  of  particles  in  1  car^  of  air  near  earth. 

Ratio  can  lie  from  ;!«05  (by  Vigrand)  to  750  (by  Zajrtsev  and  Gayvoronskiy) . 

« 

Atmospheric  dust  can  have  cosmic,  volcanic,  and  ground  origin. 

In  the  surface  layer  of  the  atmosjhere  the  main  cause  of  its  turbidity  is 
ground  dust,  sRioke,  bacteria,  salt,  and  hydrometecrs . 

Weight  measurements  show  that  in  relatively  transparent  rural  air  there  is 
contained  up  to  0.00025  g  of  dust  In  1  ca^,  being  Increased  almost  three  times  in 
a  period  of  drought  and  arid  winds,  xn  dry  clear  weather  in  1  cm^  of  air  there  is 
contained  up  to  130,000  dust  metes,  decreasing  after  rain  to  32,000-30,000.  Above 

water  surface  quantity  of  dust  significantly  decreases  (Table 

Distribution  of  dust  in  atmosphere  is 

determined  not  only  by  the  state  of  the 
weather  and  the  geographic  medium,  but  also 
by  the  activity  of  iian,  especially  in  industrial 
regions.  City  dust  and  smoke  of  industrial 
enterprises,  as  a  rule,  are  disposed  at  heights 
not  higher  than  700-500  m,  however,  ii.  case 
of  intense  vertical  displacements  of  air  they 
can  be  carried  to  great  heights. 

The  presence  of  a  slgn^  ficant  quantity  of 
dust  in  the  sxirface  layer  of  atmosphere  sharply  decreases  its  transparency  (Pig. 
ITI.2),  and  the  presence  in  it,  additionally,  of  hydrometeors  and  waler  vapor  to  an 
even  larger  degree  worsens  the  transparency  of  the  eurface  layer. 


Fig.  III.l.  Distribution  of  dust 
motes  by  heights. 

KEY:  (a)  Height,  km;  (b)  Nianber 
of  dust  motes  in  1  cm^  of  air. 
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Hjdrometeors  are  fomed  In  air  upon  achlevensnt  of  a  saturating  concentration 
of  water  vapor  (at  a  given  temperature),  when  vapor  preasvire  attains  maxisniB  value. 
Formation  of  hydrometeors  promotes  preaence  in  air  of  hygroscopic  impurities  -  con¬ 
densation  nuclei. 


Pig.  TIT. 2.  Dependency  of 
meteorological  visual  range 
on  dustiness  of  atmosphere. 
KEY:  (a)  Visual  range,  km; 
(b)  Number  of  dust  motes  in 
1  cm3  of  air. 


Appearance  of  hydrometeors  causes 
a  sharp  turbidity  of  atmosphere. 

Depending  upon  the  degree  of  turbidity 
of  the  atmosphere,  they  demonstrate: 

Haze  with  visibility  1-10  km; 

Pog  with  visibility  less  than 
1  km. 

Observations  show  that  in  water  fogs 
drops  are  encountered  with  dimensions  from 
0.1  to  50-60  M  ,  In  this  case  these  drops 


become  visible  to  the  eye  and  settle  on  earth  in  the  form  of  drizzle.  The  over¬ 
whelming  majority  of  drops  have  a  dimension  of  7-15  ^  during  positive  temperatures 
and  2-5  ^  during  negative.  Quantity  of  drops  in  1  cis^  of  air  constitutes  50-100 
for  weak  fog  and  50-600  for  strong. 

In  haze,  tdiich  is  the  initial  stage  of  developnent  of  fog,  the  dimension  of 
drops  is  less  than  1  m  ,  and  their  quantity  in  1  cm3  of  air  does  not  exceed  10-40. 

For  the  convenience  of  comparing  fogs  we  characterize  them  by  water  content. 


i.e.,  quantity  of  concentrated  moisture  ir.  a  unit  of  volume.  Magnitude  of  water 
content  of  fog  depends  on  qvumtity  and  dimension  of  drops  and  on  temperature  of  air 
(Table  III.5). 
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Optical  propertieo  of  fogs  in  asany  raapects  ar«  similar  to  properties  of 
clouds:  they  reflect  the  sunlight  well  (p***  0.8)  and  they  have  selective  absorption 
of  radiant  flux.  Scattering  of  radiant  flux  is  proportional  to  the  number  of  drops 
in  a  unit  of  voltmie  and  their  dimension,  i.e.,  water  content  of  fog. 

Therefore,  it  is  c<xnparatively  simple  to  calculate  visual  range  in  fog  by  the 
formula 

(III. 5) 

where  r^p  is  average  dimension  of  drops  of  fog, 

W  is  water  content  of  fog, 

c  «  2.5,  if  r  Is  in  a  >  a>nd  W  is  In  g/n?  (usually  in  practice  we  consider 

cp 

r  “  15  a  ). 
cp 

2.  Weakening  of  Hadlant  Flux  in  Atmosphere 

From  the  point  of  view  of  visibility,  basic  optical  phenomena  occurring  in 
the  atmosphere,  lead  to  a  weakening  of  radiant  flux  spreading  from  the  observed 
object  to  the  observer,  and  a  lowering  of  the  brightness  contrast  of  an  object 
relative  to  the  surrounding  background. 

Weakening  of  radiant  flux  in  atmosphere  can  occor  in  general  both  due  to 
scattering  and  ab8orp>tion  of  radiation  energy.  The  first  shoifs  in  the  most  con¬ 
siderable  manner  in  the  visible  region  of  the  spectnan;  the  second  shows  in  the 
ultraviolet  and  especially  In  the  infrared  region. 

It  is  possible  to  Judge  the  character  of  weakening  of  radiant  flux  of  the 
atmosphere  by  ^g.  III. 3,  where  there  is  graphically  shown  spectral  irradianco  of 
the  upper  layers  of  atmosphere  1  and  the  surface  of  Earth  2  by  solar  rays  at  noon. 


(a)  IUSrgWmfve>nt,9irM.f9. 


where  is  radiant  flux  entering  the  mediun, 

^  is  radiant  flux  outlining  fron  the  nediiXB, 

*  =  e~*  is  coefficient  of  transparency  of  a  mediun  with  an  extent  of  1  km; 

p=ln4-*  (III. 7) 

The  given  formulas  are  Just  for  nomachranatic  radiant  flux,  spreading  horizon¬ 
tally  in  the  atjnos]:liere  with  a  constant  attenuation  factor  on  all  of  the  section. 

During  propagation  of  radiant  flux  vertically  or  at  an  angle  v  to  the  horizon, 
the  attenuation  factor  p  can  endure  sharp  changes,  connected  with  heterogeneity 


of  the  atmosphere  at  various  heights. 


Fig.  TIT. 3*  Spectral  intensity 
of  irradiance  of  upper  layers  of 
the  atmosphere  (l)  and  the  axorface 
of  Earth  (2), 

KEY:  (a)  Irradiance,  relative 
units:  (b)  Wave  length,  u  . 


In  this  case  one  should  break  down 
by  height  the  thickness  of  the  atmosphere 
in  n  equal  layers,  within  limits  of  which 
the  value  of  the  attenuation  factor  re- 
Bialns  constant,  and  should  determine  for 
each  layer  the  coefficient  of  trans¬ 
parency.  Then  total  transparency  of  a 
layer  of  atmosphere  by  height  H  will  be 
defined  as  the  product  of  the  coefficients 
of  trananarmnew  of  aanarate  layers: 


(III. 9) 


If,  however,  radiant  flux  spreads  slanted  at  an  angle  Y  to  horizon,  then 


(III. 9) 


During  propagation  in  the  atmosphere  of  complex  polychromatic  radiant  flux, 


it  is  necessary  to  detemlne  transBicslvlty  for  separate  nonochromatic  fluxes,  and 
then  total  transmissivity  from  ratio 

an 

(III.  10) 

where  is  Spectral  density  of  intensity  of  radiation, 

is  spectral  sensitivity  of  receiver  of  radiation. 

In  simpler  cases  for  approxisuite  calc\ilation  we  use  averaged  value  of 
attonoation  factor  Pcp  for  nDnoehrcsiatic  radiant  flux  within  limits  of  the  entire 
layer  of  atmosphere,  where  there  occurs  a  transfer  of  radiation  energy. 


4»  = 


(III. 11) 


Transparency  of  the  ataosphere  is  a  function  of  scattering  and  selective 
absorption  of  radiation  energy  in  the  ataosphere.  Thsrefo’^,  it  is  possible  tc 
present  total  transparency  of  ataosphere  as  the  product  of  the  coefficient  of 
transparency  caused  by  the  scattering  of  radiant  energy  tp,  and  the  coefficient 
of  transparency  caused  by  the  selective  absorption  in  it  tbp- 


(111.12) 


3 .  Scattering  of  Radiation  Oiergr  in  the  Ataosphere 


Under  energy  dissipation  of  radiation  in  some  rnedixan,  including  the  atmosphere,  | 
we  understand  the  process  of  deflection  of  radiant  flux  from  its  initial  direction.  f 
In  the  atmosphere  the  cause  of  scattering  is  its  optical  heterogeneity  and,  occurring  | 

I 

oecause  of  this,  the  refraction,  reflection,  and  diffraction  of  radiant  flux  in  | 

these  heterogeneities.  | 

i 

Depend'ng  upon  the  relationship  between  the  dimensions  of  particles  of  the 
dispersed  phase  and  the  wave  length  of  radiant  flux,  scattering  may  be  molecular 
(in  particles  of  ininute  dimension),  diffractlonal  (in  particles  comoensurable  with 


wave  length),  and  geometric  Tin  particles  of  large  diaenslons).  In  real  atmosphere, 
where  there  are  particles  of  practically  dimensions,  all  three  forms  of 
scattering  exist  siMultaneously. 

For  visible  light  the  attemvation  factor  of  radiant  fltuc  d\ie  to  scattering 
may  be  determined,  if  the  meteorological  visual  range  is  known: 

=  (III.13) 

where  p  is  the  attenuation  factor  for  X  =  0.55  **  tmile“^]. 

Based  on  this  expression,  Zhil'bert  [l]  obtained  attenuation  factors  of 
visible  radiation  due  to  scattering  depending  upon  tne  state  of  the  weather,  and 
also  compared  them  with  scattering  coefficient  in  pure  dry  atmosphere  Po.  calculated 
by  the  fornmla  of  Rayleigh  (see  Table  III. 6). 


Table  III. 6.  Weakening  of  Visible  Radiation  (  ^  =  0.55m  )  During 
Various  Degrees  of  Turbidity  of  Atmosphere 


L,  km 

1  State  of  Atmosphere 

1 

p.  Mile"^ 

»/5. 

<  0.02 

f 

Very  strong  fog 

1 

>  as. 6 

>  6,060 

0.05 

Strong  fog 

85.6 

6,060 

0.2 

Moderate  fog 

21.4 

1,515 

0.5 

Weak  fog 

8.54 

606 

1 

Strong  haze 

2.14 

151 

4 

Weak  haze 

1.07 

75.6 

10 

Cleav 

i 

0.427 

30.2 

20  ' 

1 

Very  clear 

1 

0.214 

15.1 

50 

Ebccellent  visibility 

0.0713 

5.06 

For  radiation  with  a  wave  length  other  than  0.55^1  ,  the  attenuation  factor 
without  calculation  of  selective  absorption  may  be  determired  from  ratio 

K  /0.55V 

•  (lll.U) 
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This  formula  cctncideB  well  with  practical  results  when  appraising  the 
weakening  of  infrared  rays  by  atoioephere  with  a  meteorological  visual  range  of 

JuOre  than  10  km. 


Jebby  and  other  authors  [2]  determined  the  transmission  of  radiant  flux  in 
separate  windows  of  tranaperency  of  the  atmosphere  on  a  route  extending  4,200  m, 
depending  upon  meteorological  visual  range.  Interpolation  of  the  obtained  data 


allowed  them  to  construct  convenient  curves  for  calculation  of  transparency  of 


atmosphere  in  the  Infrared  region  of  the  epectnan  under  different  atatosphsric 
conditions  due  to  scattering  of  radiant  flux  in  it  (Pig.  III.4). 
the  equivalent  layer  of  precipitated  water  was  taken  as  constant  (17  ran) 
meteorological  visual  range  was  calculated  by  relationship  (ill. 13). 


Fig.  III. 4.  Tran8pai*ency  of  the 
atmosphere  due  to  scattering  at 
different  distances  of  meteor- 
logical  vieibllity  on  a  base  of 
1.85  km. 

fCEI:  (a)  Transmission;  (b)  Wave 
length,  n  . 


In  all  cases 

and  the 

Scattering  of  radiant  flux  of  dry 
and  pure  atmosphere,  with  which  we 
usually  deal  at  great  heights,  with  a 
sufficient  degree  of  accuracy,  coincides 
with  the  laws  of  molecular  scattering, 
studied  in  detail  by  Rayleigh. 

Considering  the  scattering  of 
radiant  flux  by  gae  ions  and  separate 
bunches  of  molecules  appearing  as  a 
roeult  of  continuous  chaotic  motion  of 


the  latter,  Rayleigh  introduced  the  law, 
"When  light  is  dispersed  by  particles, 
minute  as  compared  to  any  of  the  wave  lengths,  the  relation  of  ruaplitudes  of 


oscillations  in  scattered  and  incident  light  is  reeiprocol  to  the  square  of  the 
wave  length,  aiKl  the  relation  of  intensities  -  to  their  fourth  degree". 

Mathematically  this  law  may  be  expressed  by  the  following  dependency, 

•’ (1-f  cos».  (111.15) 
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where  •[  is  the  coefficient  of  scattering  in  a  given  direction;  angle  •i*  with 
direction  of  incident  monochroBiatic  radiant  flux  is  a  component: 
n  is  index  of  refraction  of  air; 

N  is  number  of  molecules  in  1  cnP  of  voltino; 
r  is  distance  frcan  dispersing  medlian. 

Rayleigh’s  law  is  valid  as  long  as  the  ratio  of  diameters  of  particles  and 
wave  length  remains  significantly  leas  than  unity.  As  shown  by  the  work  of  M.  V. 
Shuleykin,  Rayleigh's  law  is  valid  for  drops  with  a  diameter  of  not  more  than  0.42  u 
With  increase  in  diameter  of  particles  exponent  with  wi  s  length  decreases  (Table 
III. 7),  changed  also  is  coefficient  A: 


(III. 16) 


Table  III.?.  Change  of  Coefficient  k  in  Expression  (III.16)  with 
Change  of  Diameter  of  Dispersing  Particles 


d,  u 

0.42 

0,52 

0.59 

0.64 

0.65 

0.71 

k 

4 

3.5 

i 

2.5 

2 

1.5 

In  accordance  with  this,  if,  for  a  case  of  ideal  molncular  scattering,  formula 
(TII.16)  takes  the  fonn  h  =  0.0082  then  in  high-altitude  conditions  for  dry 

atmosphere  =  0.012  A-'.*',  and  in  the  case  of  moisture  content  in  a  quantity  of 

10  mn  of  condensed  water 

•i=0.0008  X  i  ’  ”. 

Diffractional  Scattering 

In  real  atmosphere  always  p'"esent  in  suspension  are  solid  and  liquid  particles, 
the  dimensions  of  which  are  comnensurable  or  exceed  the  wave  length  of  the  spreading 
radiation.  Fhergy  dissipation  of  radiation  In  them  is  more  complex  and  may  be 
described  by  the  following  mathematical  dependency: 


where  .5?  is  Intansity  of  scattered  radiation  energy; 
p  is  raditis  of  dispersing  particles; 
n»  are  indices  of  refraction  of  a  particle  and  air. 

In  distinction  trcm.  molecular  scattering  where  the  polar  diagram  is  syianetrical 
relative  to  the  primary  beam  and  In  a  direction  perpendicular  to  it,  during  dif- 
fractional  scattering  there  is  observed  synmetricalness  only  relative  to  the  primary 
beam,  and  the  indicatrix  may  be  expressed  by  equation 

/?^  =  1 -|-^cosy-f- flrcos*^.  (III. 18) 

Coefficients  p  and  q  depend  on  substance  of  pairtlcles  and  their  dimensions. 

For  fog  with  average  water  content  p  =  2,7  and  q  -  3* 

With  increase  in  a.  i.e.,  ratio  of  p  to  i,  the  diagram  of  scattering  is 
extruded  forward.  Energy  thrown  back  and  to  the  sides  decreases,  approaching  in 
limit  to  16,8^  of  all  decreased  energy  (geometric  scattering). 

Hutton  and  Stratton  found  that  in  the  case  of  diffractional  scattering  the 
coefficient  of  scattering  is  function 


?g=:2icp**.\ 

Since  k  depends  on  dimension  of  pairticles  and  wave  length,  then  at  X  =  const 
the  curve  in  Fig.  III. 5  giT®8  dependency  of  scattering  coefficient  on  dimension  of 
particles,  but  at  P  ■  const  -  on  the  wave  length  of  the  spreading  radiant  flux. 

A  pazd;lcular  case  of  diffractional  scattering  is  the  case  of  the  scattering  of 
radiant  flux  on  limiting  large  particles  -  geometric  scattering.  It  is  characterized 
by  two  basic  positions: 

a)  magnitude  of  scattered  energy  does  not  depend  on  wave  length  of  radiant 
flux  falling  on  the  particle; 

b)  energy  of  radiation  thrown  in  the  direction  of  the  primary  beam  is  24  times 


more  than  the  energy  thrown  to  the  opposite  side. 


Fig.  III. 5.  Dependency  k  =  f  ( a  )  in 
the  formula  of  Stratton  -  Hutton. 


III. 6.  Distribution  of  drops 
in  fog  by  dimensions. 

KEY:  (a)  Ninnber  of  drops  in  1  caH; 
(b)  Radius  of  drops,  . 


In  spite  of  this,  in  practice  is  observed  the  best  passage  of  long-%<raye 
infrai^d  radiation  in  a  turbid  atmosphere,  >»here  geometric  scattering  is  basic. 

This  ia  possible  to  explain,  first,  by  the  dependency  of  irefractive  index  of  the 
reflecting  particle  on  wave  length  and,  secondly,  by  the  presence  in  atmosphere, 
along  with  big  particles,  of  a  very  large  quantity  of  small  particles  (Pig.  Ill, 6), 
>diich  on  the  whole  snakes  atmosphere  more  transparent  for  long-wave  radiation. 

Best  passage  of  turbid  atmosphere,  including  fogs,  by  long-wave  radiation  is 
confirmed  by  a  number  of  works,  in  spite  of  the  presence,  in  this  region  of  the 
spectrum,  of  selective  absorption. 


U.  Selective  Absorption  of  Radiant  lihetgy 

During  absorption  of  radiant  fl.ux  in  the  atmosphere  there  occurs  its  weakening 
due  to  transition  of  part  of  the  raxiiation  energy  into  other  fosms  of  energy: 
thermal,  mechanical,  and  chemical.  Characteristic  for  such  weakening  is  the  fact 
that  absorption  of  radiant  flux  in  the  atmosphere  is  selective  and  exists  only  for 
those  waves  whose  frequency  is  resonance  for  molec\iles  of  gases  camposing  the 
atmosphere.  As  a  rule,  in  such  selective  absorption  of  radiant  fltix  participate 
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polyatcanic  molecules  of  gases  and  in  the  first  place  water  vapor  (H2O),  carbon 
dioxide  (CO2),  and  oxone  (O-^). 

Gzone  has  the  oiost  ijuportant  absorption  bands  in  the  far  ultraviolet  part  of 
the  spectrtai  between  0.2  and  O.32  n  with  Xm«kc  *  0.255  }  In  the  visible  region 

—  with  »  0.6  ,  where  the  coefficient  of  absorption  is  p  »  0.068  ob”^;  in 

the  infrared  region  of  the  spectrum  in  a  range  of  wave  lengths  4.63-4.95  m  ; 

8.3-10.6  ^  (  p  -  0.255  ca“^)  and  12.1-16.4  u  . 

Carbon  dioxide  has  a  series  of  absorption  bands  in  the  infrared  region  of  the 
spectrum,  from  >dilch  the  strongest  are  the  narrow  band  4-4.8  ^  and  the  wide  in  a 
range  of  12.9-17.1  **  with  2M.3  m  • 

Water  vapor  contained  in  atmosphere  in  relatively  large  qiumtities,  has  a 
large  number  of  tride  absorption  bands  in  visible  and  infrared  regions  of  the 
spectrvDi.  In  the  visible  region  of  the  spectnan  are  five  relatively  weak  absorption 
bands  by  water  vapor,  namely:  730.4-682  mu  »  606-586  aiM  ,  578-567  n/i  $  547.8-542  mM 
and  511.1-498  mu  .  However,  even  near  the  infrared  region  of  the  spectrum  there 
are  strong  and  wide  absorption  bands:  0.926-0.970  n  ,  1.095-1.165  ^  ,  1.319- 
-1.498  u  .,  1.762-1.977  M  and  2.52-2.845  u  .. 

In  Fig.  III. 7  is  depicted  trans¬ 
parency  of  atmosphere  with  a  thickness 
of  1,830  m,  according  to  Jebby,  for  wave 
lengths  to  14  ^  . 

The  fullest  and  most  detciled  re¬ 
search  of  spectral  transmittance  of  the 
atmosphere  in  the  infrared  raxige  of  the 
spectxnss  was  wviiuuuwcu  oy  Aayj.or  and 
Uayts  [Whites,  Waites]  in  1956  [3].  In 
this  research  they  studied  transparency 

of  a  horizontal  layer  of  atmosphere  above 

*The  Russian  subscript  "make"  indicates  "maxim-um".— Ed. 


t  i  J  *  S  f  7  8  t 
(b)  M0UirtidMnin,Mit 


8  9  It  a  IJ  /♦ 


Fig.  III. 7.  Transparency  of 
atmosphere  by  Jebby. 

KEY:  (a)  Tranaaileslon  of 
atmosphere  with  a  thicknesa 
of  1830  mT^;  (b)  Wave  length, 

M  . 
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(a)  IktMi/tKue, 


a  water  stxrface.  Length  of  sections  corrocponded  to  3^5  5.47  and  15.2  km. 

As  a  result  of  research  there  was  obtained  a  fine  structure  of  spectrum  of 
transmission  of  the  atmosphere  in  a  ware  range  of  0.6-15  m  . 

The  works  of  Jebby,  Tsylor,  and  Uayts  [Whites,  Waites]  allow  us,  with 
sufficient  accxiracy,  to  dt  ermine  those  sections  of  8p>ectn*n,  within  the  limits  of 
which  the  atonosphere  is  aiore  or  less  transparent  for  infrared  rays.  Thus,  for  air 
at  sea  level  with  a  content  in  the  layer  of  precipitated  water  13.7-17  bsh  there 
are  "windows",  i.e.,  sections  transparent  for  infraired  radiation.,  with  the 
following  wave  lengths. 


0.95-1.05  3.3-4.2  m 

1.15-1.35  A  4. 5-5.1  M 

1. 5-1.8  M  8-13  ^ 

2. 1-2. 4  M 

With  increase  of  height  above  sea  level  the  paesband  width  of  the  'Vindows" 
of  atmosphere  is  increased  (Pig.  III.?)  due  to  decrease  of  air  density  and  quantity 
of  water  vapor  in  it. 


Fi^.  III. 8.  Spectral  coefficient 
of  absorption  of  the  atmosphere 
at  various  heights. 

KFY:  (a)  Absorption,  (b)  V/ave 
1 enrth ,  ^  . 


A  sufficiently  simple  method  of 
calculating  transparency  of  the 
atmosphere  inside  a  wide  spectral 
band  was  offered  by  Elder  and  Strong 
[5].  Their  method  of  calculation 
is  based  on  the  experimentally  fixed 
fact  that  the  more  equivalent  the 
layer  of  absorber  W,  the  less  the 
additional  increase  of  absorption 


caused  an  increase  in  equivalent  layer  of  absorber  to  magnituce  dW.  Mathemat¬ 
ically  this  position  may  be  described  by  approximate  empirical  equation 


k  log  W. 


(III. 20) 
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Equation  III. 20  Is  based  on  the  assumption  that  spreading  radiation  occupies 
a  sul'flcie ntly  vide  spectral  range,  in  order  to  include  some  absorption  bands, 
rnerefore.  Elder  and  Strong  broke  the  spectna  of  infrared  radiation  0.72-14 
down  into  8  sections,  for  which  values  of  coefficients  tg  and  k  ware  determined 
(Table  III. 8). 


Table  III. 8.  Sections  of  Infrared  Speetrun  and  the  Value 
of  Constants  In  Equation  (III. 20) 


No.  of  section 

k 

to 

I 

0.72-0.92 

15.1 

106.3 

II 

0.92-1.1 

16.5 

106.3 

III 

1.1-1. 4 

17.1 

96.3 

IV 

1.V1.9 

13.1 

81.0 

V 

1. 9-2.7 

13.1 

72.5 

VI 

2. 7-4.3 

12.5 

72.3 

VII 

4.3-5. 9 

21.5 

51.2 

VIII 

5.9-U 

— 

— 

For  the  case  of  atacsphere  free  from  solid  and  liquid  impurities  (based  on 
Elder  and  Strong,  over  2-3  km),  but  containing  water  vapor,  the  solution  to 
equation  (III. 20),  depending  upon  the  concentration  of  water  vapor,  is  shown  in 
Fig.  III. 9,  where,  to  deteraine  water  content  of  the  atmosphere  at  heights  over 
3,000  ir.  Elder  and  Strong  applied  expression 

r=o.Tio  '  x  (III.21) 

i^ere  a,  is  absolute  htmildity  for  earth,  g/enP, 

H  Is  height,  km. 


L  is  distance,  m 


The  grapii  in  Fig.  III. 9  allowr  U8, 
ifith  respect  to  definite  water  content, 
to  dctemine  transparency  of  the  atmosphere 
due  to  selective  absorpcion  of  water 
vapor  inside  any  section  of  the  spectrum 
at  heights  over  3  Ion.  However,  the 
equation  of  Flder  and  Strong  does  not 
consider  weakening  of  radiant  flux  by 

Fig.  III. 9.  Graphic  Interpretation 

of  equation  t,  ,-/o— *  log  haze.  Using  data  of  many  observations 

KEY:  (a)  Transmission,  relative 

units;  (b)  Equivalent  layer  of  for  heights  over  2-3  km  (pure  atmosphere), 

water,  mn. 

Elder  and  Strong  (approximating  dependency 
Xj,=f(i)  ,  for  equivalent  layer  of  water  1  nm)  give  a  formula  of  transparency  of 
atmosphere  due  to  scattering  in  water  vapor: 

,p  =  (0,998)*',  (III.  22) 

where  W  is  water  content  in  atmosphere  on  every  kilometer  of  beam  path. 

Consequently,  in  accordance  with  expression  (III. 12)  total  transmissivity  of 
pure  atTBOsphere  may  be  calculated  as 

t  =  VlI’p  =  (^-*  log  W)  •0,998''.  (111.23) 
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CHAPTER  IV 


OPTTCAT.  MATERIALS  AND  OPTICAL  SYSTEMS 
I.  Materials 

1 .  Infrared  Filters 

The  filter  is  an  optical  device,  with  the  help  of  which  a  change  of  spectral 
composition  and  siagnitude  of  radiant  flux  falling  on  a  sensitive  element  is  possible. 

The  action  of  filters  may  be  based  on  different  optical  phenomena:  absorption, 
interference,  selective  reflection,  polarisation,  and  so  forth.  Filters  can  be 
solid,  liquid  and  gaslfom.  In  technology  the  most  wide»spread  are  solid  filters, 
founded  on  the  absorption  of  radiant  flux  in  glass,  plastic,  special  films  and 
artificial  or  natural  crystals. 

For  absorption  of  visible  radiation  and  transsiission  of  near-wave  infrared 
radiation  (0.8-3  ^  )  the  most  widely  used  are  glass  filters,  colored  in  their  mass 
by  manganese  oxide  or  suliiho-selenide  of  antimony,  and  also  film  and  filters  on  a 
base  of  acetyl-cellulose  or  gelatin  (Fig.  IV. 1  and  IV. 2). 

From  filters  is  required  maxlBnin  integral  transmission  in  the  Infrared  region 
of  the  spectrum  and  minlinin  -  in  the  visible.  Fiurtheruore ,  it  is  desirable  that 
the  front  edge  of  the  spectral  curve  of  transmission  %<ould  be,  as  far  as  possible, 
steeper.  In  this  respect  film  filters  are  somewhat  better  than  glass,  however,  the 
latter  are  stabler  in  time,  more  durable  and  more  heat-  and  moisture-proof.  They 
are  also  more  technical  in  production. 


6k 


Fig.  IV. 1.  Transmlasion  of  Infrared 
filters. 

1„KC-13  d  =  2  am;  2— KC-12  d=2ittm; 

3--Filjn  d  “  3  nm;  4--FilBi  d  ®  4  am. 

KFT:  (a)  Transmission,  (b)  Wave 
length,  M  • 

two  pieces  of  glass.  These  filters  have  a  steep  front  edge  of  spectral  character¬ 
istic  and  a  high  transparencj  in  the  infrared  region  of  the  spectrum.  However, 
they  art  sensitive  to  change  of  temperature  and  possess  bad  moisture  proof  character¬ 
istics,  sir.ee  they  consist  of  three  elements  glued  together. 

In  the  considered  filters  visible  radiation  is  absorbed  by  dye,  but  absorption 
of  long-wave  radiation  is  determined  by  the  sort  glass.  Therefore,  for  filtration 
of  long-wave  Infrared  radiation  can  bo  used  unpainted  glass  (Fig,  IV.h)  which 
conducts  well  Arisible  and  Infrared  radiation  up  to  2.5  m  ,  and  opaque  for  waves  of 
more  than  4.5  m  • 

To  exclude  visible  and  near-wave  infrared  radiation  powder  filters  have  been 
used,  constituting  a  base  which  is  transparent  in  the  necessary  region  of  the  spectrum 
(a  plate  of  sylvlte  or  rock  salt),  on  which,  by  means  of  evaporation  in  a  vacuum, 
there  is  precipitated  a  layer  of  metallic  or  semiconductor  powders. 

Principle  of  action  cf  such  filters  is  based  on  dispersion  of  visible  and 
near-wave  infrared  radiation  by  particles  whose  dimensions  are  conmensurablo  with 
wave  length.  Such  filters  will  be  opaque  for  radiation  with  wave  length  smaller 


Fig.  IV. 2.  Transsilssion  of  glasses 
IKS-1,  d  »  2  am  (l)  and  manganic 
d  “  2  sm  (2). 

HKT:  (a)  Transmission,  (b)  Ware 
length,  n  . 


For  filtration  of  visible  radiation 
with  success  gelatin  glass  filters  can 
be  applied  (Pig.  TV. 3).  They  consist  of 
a  layer  of  colored  gelatin  placed  between 


than  diaensioR  of  particles  of  the  powlery  layer,  and  transparent  for  wave  lengths 
larger  than  dlasnsion  of  particles.  It  was  detemined  that  for  transmission  of 


radiation  energv  in  range  of  waves  2-7.5  h  particles  of  a  powder  filter  have  to 
have  dimensions  from  0.22  to  2.5  m  [2]. 


IV. 3.  Transmission  of  gelatin 
glass  filters  of  the  firm  of  **Wortan- 
Kodak"  (l)  and  State  Optical  Institute 
(GOI)  No.  2128/6600  d  -  4  am  (2). 

KET;  (a)  Transmission,  %;  (b)  Wave 

length,  At  . 


Pig.  IV. 4.  TransBLlssion  of  glasses, 
mirror  (l),  quartz  (2),  window  (3) 
and  single  crystal  of  quartz  (4). 
KPT:  (a)  Transmission,  %;  (b)  Wave 

length,  M  . 


As  a  rule,  dispersing  powder  should  be  transparent  to  infrared  rays,  however, 


as  in  seen  from  Pig.  IV. 5,  metallic  niello  can  appear  transparent  to  infrared  rays. 


To  powder  filters  one  should  relate 
filters  of  silver  chloride  with  a  black 
layer  of  silver  brosdde.  They  are  abeo- 
Irtely  opaque  for  visible  rays,  but 
conduct  radiation  well  in  the  wave  range 
1-3  M  C3]. 

As  a  base  for  many  powder  V’llters 


Fig.  IV,5.  Transmission  of  powder 

filters; 

1 — gold  niello  on  sylvite;  2— selenium 
on  sylvltej  3 — telluric  niello  on 
sylvlte;  4 — magnesim  oxide  on  mica; 
5— bismuth  niello  on  sylvite;  6— 
magnesium  oxide  on  glass  (d  *  0.1  sm). 
KPT;  (a)  Transmlssior. ,  (b)  Wave 

length,  M  • 


Is  applied  mica,  if  it  is  desirable  to 
separate  radiation  with  a  wave  length  of 
2-8  M  .  Spectral  transmission  of  two 
sorts  of  mica  is  shown  in  Pig.  IV. 6. 


66 


Table  17.1.  Basic  Properties  of  Certain  Crystals 


Material 

'*0» 

Re¬ 

frac¬ 

tive 

Index 

•’n 

• 

Properties 

KBr 

21 

1.55 

53.48 

1 

Colorless  cubic  crystals.  Hygroscopic, 
soft,  easily  scratch.  Dissolved  in  alcohol 
and  glycerine.  Prepared  in  diameter  up  to 

190  Bin.  V  ,lue  average 

NaCl 

20 

1-54 

! 

35.7 

Colorless  cubic  crystals.  Hygroscopic. 
Cracked,  easily  scratch.  Dissolved  in 
glycerine.  Prepared  in  diameter  up  to  190  mn. 
Value  low 

liF 

85 

1.39 

0.27 

Colorless  cubic  crystals.  Cracked, 
easily  scratch.  During  polishing  can  be  scaled 
off  on  surface.  Dissolved  in  acids.  Prepared 
:m  diameter  up  to  1B5  nn  and  larger.  Raw 
material  for  artificial  preparation  is  defi¬ 
cient.  Value  average. 

CaF2 

(Fluorite) 

11 

i 

1 

1.43 

0.002 

1 

Colorless  cubic  crystals.  Cracked, 
easily  scratch.  Stai*t  to  conduct  from  O.324  a 
Dissolved  in  solutions  of  salts  NH^.  Prepared 
in  dimension  up  to  150  nm.  Value  average. 

KCl 

(Sylvlte) 

24 

1.49 

34.7 

(20*c) 

Colorless  cubic  crystals.  Hygroscopic. 
Easily  scratch.  Dissolved  in  alkalis,  esters, 
glycerine.  Have  absorption  band  near  3  snd 

7  M  .  Good  crystals  are  rarely  encountered. 
Value  average. 

KI 

31 

j 

1.67 

127.5 

1 

1 

Colorless  cubic  crystals.  Are  very 
hygroscopic.  Polished  with  difficulty.  Very 
soft,  easily  scratch.  Dissolved  in  alcohol 
and  annonia.  Prepared  in  diameter  up  to 

190  mn.  Value  average. 

CsBr 

40 

1 

i 

1.7 

124.3 

(25‘’C) 

Colorless  cubic  crystals.  Hygroscopic. 
Soft,  easily  scratch.  Dissolved  in  alcohol. 
Prepared  in  diameter  up  to  45  nm.  Value 
average. 

Csl 

50  1 

— 

— 

Colorless  cubic  crystals.  Very  hygro¬ 
scopic  . 
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The  above  considered  filters  allow  the  separation  of  comparatively  narrow  sec¬ 
tions  of  the  infrared  spectrum.  If  it  is  necessary  to  work  with  long-wave  infra-ed 
radiation,  then  it  is  expedient  to  apply  materials  for  which  the  normal  frequencies 
of  oscillations  of  molecules  lie  in  the  far  infrared  region  of  the  spectrum.  Such 
materials  are,  mainly,  crystals:  potassluB  bromide,  potassitim  iodide,  rock  salt, 
lithium  fluoride,  calcium  fluoride,  potassium  chloride,  cesium  bromide,  and  others. 
Their  basic  properties  and  spoctral  curves  of  transmission  are  given  in  Table  IV. 1 
and  in  Fig.  IV. 7. 


Fig.  IV. 6.  Transmission  of  black  mica 
d  *  0.4  mm  (l)  and  muscovite  d  =  0.2  m 
(2). 

KEY:  Transmission,  %\  (b)  Wave 
length,  n  . 


Fig.  rv.7.  Transmission  of 
certain  crystals. 

KEY:  (a)  Transmission, 

(b)  Wave  length,  g  . 


Fig.  IV. 8.  Transmission  of 
protective  films. 

1 —  polyethylene  d  *  0.025  ma; 

2—  hydrochloride  of  rubber 

d  =  0.045  mn;  3 — nitrocellulose 
d  =  0.5  mn. 

KEY:  (a)  Tranaittlssion,/^;  (b) 
Wave  length, a  . 


Fig.  IV. 9.  Tranoiuisoion  of  teflon. 

1 — thickness  O.r  nn;  2 — thickness 
4  mn;  and  3-— vinyl  varnish  d  =®  20  ^  . 
KET:  (a)  Transmission,  %\  (b)  Wave 

length,  M  . 
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The  characteristic  peculiarity  of  she  enumerated  crystals  is  hi#:h  hygroscopic ity, 
for  which  it  is  necessary  to  cover  them  by  protective  films,  introducing  noticeable 
absorption  of  infrared  radiation  and  worsening  the  optical  properties  of  parts  of 
the  instmunents.  As  protective  films,  the  most  frequently  used  are  films  of  hydro¬ 
chloride,  rubber,  polyethylene,  teflon,  vinyl  varnish,  and  other  materials  [5] 
whose  spectral  tranamitt  nee  is  shown  in  Fig.  IV. 8  and  IV. 9. 

2.  Materials  for  Protective  Glasses  and  Cowls 

Materials,  from  which  are  prepared  protective  glass  and  cowls  of  infrared 
instruments,  besides  a  high  coefficient  of  transparency  in  the  needed  range  of 
wave  lengths,  must  satisfy  the  requirements  of  high  durability,  heat  and  moisture 
proof  characteristics,  and  stability  of  properties  in  time,  and  must  allow  the 
manufacture  of  models  of  different  configiuratlon. 

Therefore,  considered  in  Section  1,  the  materials  with  the  exception  of  glass, 
even  if  they  can  be  applied  as  entrance  windows  of  radiant  flux  receivers,  as  a 
rule,  are  \mfit  for  protective  glasses  and  cowls  of  infrared  inatnmients . 

Recently  wide  research  has  been  conducted,  which  maJees  It  possible  to  obtain 
new  artificial  materials  coiublnlng  good  transparency  in  a  wide  range  of  wave  lengths 
of  the  infrared  region  of  the  spectnsn  with  good  operational  qualities. 

Characteristics  of  such  materials  are  given  in  Table  IV. 2  [A]  and  Fig.  IV. 10. 

The  glass  "Servo frax",  developed  in  the  United  States,  is  used  for  the  manu¬ 
facture  of  lenses  and  objects  having  mlnlmimi  spherical  aberration  in  a  wave  range 
of  2-5  M  .  In  order  to  decirease  losses  on  reflection,  surface  of  lenses  is  cleared 
C9]. 

Silver  chloride  in  the  form  of  rolled  sheets  [16]  and  articles  of  it  are  widely 
used  where  nonhygroscopicity  and  inso"' ubility  in  water  are  required.  The  coefficient 
of  transparency  of  silver  chloride  up  to  18  ^  is  80^.  Increase  of  transparency 
may  be  attained  by  brightening  stirface;  Indeed,  this  Introduces  additional  absorption 
bands  caused  by  absorption  of  the  film  of  polystyrene  [l7].  A  deficiency  of  silver 
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Table  IV. 2.  Basic  Properties  of  Certain  Materials  Applied  During  the  Manufacture 
_ _ _ _ of  Cowls  of  Infrared  Instrusents 


Material 

M 

Solubilitj 
in  water 
r, 

g/100  am^ 

Properties 

Class 

3 

1.5-1. 9 

0 

Hoaogeneous.  Colorless.  Easilj  cut, 

Sxvund  and  polished.  Nbntoxlc.  Dinensions  are 
unliadted.  Value  low. 

Glass 

"Sei-vo- 

frax” 

A12S3  [9] 

12 

2.59 

0 

Hoaiogeneoua  red  glass.  Nontoxic.  Softened 
at  >195  C.  le  dissolved  in  alkalis.  Distension 

Is  linlted  by  structural  considerations.  Can  be 
applied  for  all  types  of  optical  systesas. 

AgCl 

23 

2.07 

0 

Colorless  cubic  crystals.  Isotropic.  Will 
not  crack.  Soft.  Are  subject  to  fluidity  at  low 
tenperatures .  Darken  in  sunlight.  Cause  corro¬ 
sion  of  feetals.  Are  dissolved  in  NH4OH,  1^28203 
KCN.  Are  prepared  in  distension  up  to  ICX)  ssn. 
Value  hlgb. 

Fused 

Quartz 

Class 

SIO2 

4 

1.43 

0 

Isotropic.  Has  good  technical  and  themal 
properties.  Is  dissolved  in  HF.  Distension  is 
lisaited  only  by  optical  hostogenelty.  Value 
average . 

Sapphire 
AI2O3  [10] 

5.5 

1.77 

0 

Artificial  hexahedral  crystals.  Will  not 
crack;  scratch  with  difficulty.  Mechanical 
durability  excellent.  Thensal  properties  good. 
MaxisnsB  distensions  up  to  125  sn.  Value  high. 

Periclase  i 
MgO  [8] 

10 

0 

Artificial  isotropic  mineral.  Mechanically 
very  sturdy.  With  passage  of  time  its  surface 
dints  due  to  formation  of  Mg(0H)2.  Value  average. 

Silicon 

[12,13,14] 

i 

20 

3.5 

0 

Cubic  crystals  of  grayish-eteel  color.  High 
melting  point.  Are  dissolved  in  HF  and  HND3.  Are 
prepared  in  distension  up  to  40  omi.  Value  high. 

Gemanivia 
[U,15]  i 

1 

1 

40 

0 

Crystals  of  grayish-steel  color  with  dark 
blue  nuance.  Are  well  processed.  Mechanically 
stable.  In  the  region  of  1.5-15  m  transparency 
is  not  less  than  40^.  Value  high. 

KHS-5 

TaBi*+TaJ  1 

1 

38 

2.63 

0.02 

Red  cubic  crystals.  Will  not  crack,  easily 
scratch,  are  difficult  to  polish.  High  coeffi¬ 
cient  of  expansion.  Are  toxic.  Are  dissolved  in 
HNO3  and  in  aqua  regia.  Are  prepared  In  dimen¬ 
sion  up  to  125  am.  Value  high. 

KRS-6 
TlBr^lCl  1 

— 

— 

— 

Optical  properties  better  than  for  KRS-5. 
Toxic.  Value  very  high. 
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chloride  is  the  fact  that  it  is  impossible  to  apply  in  daylight.  To  prevent 
blackening  of  silver  chloride  its  s’lrface  is  covered  by  antimony  f  r  seleniimj,  which 
leads  to  a  certain  Increase  in  reflection  of  radiant  flux  due  to  the  larger  value 
of  refractive  index  for  antimony  and  selenium  than  for  silver  chloride. 


Artificial  sapphire  finds  application  for  cowls  of  rocket  missiles  with  infra¬ 
red  homing  devices  [10],  At  present  production  of  nose  cones  with  diameter  of 
140-175  mm  has  become  familiar.  Synthetic  sapphire  passes  90^  of  the  radiation 
with  wave  lengths  up  to  4  m  and  50^  on  6  M  wave.  In  hardness  artificial  sapphire 
stands  next  to  diamond  and  preserves  it  up  to  a  temperature  of  l,80O*C  (Fig.  IV. 11). 


Fig.  IV. 10.  Tranaalssion  of 
certain  materials  for  cowls 
of  infrared  systems. 

KE7:  (a)  Transmission,  %i 
(b)  Wave  length,  m  . 


Fig.  IV. 11.  Transmission  of  silicon. 
ICET:  (a)  Transmission,  K{  (b)  Wave 
length,  M  ;  (c)  Type;  (d)  ohm*cm. 


Germanlxan  and  silicon  have  become  serious  competitors  to  quarts,  sapphire,  and 
silver  chloride  as  optical  materials  for  Infrared  instruments,  in  spite  of  the 
comparatively  high  cost  of  obtaining  them.  These  elements  very  similar  in  optical 
respects,  possess  good  transparency  in  a  wide  range  of  the  spectna,  allow  the 
clearing  of  their  surfaces  and  have  good  thermal  and  mechanical  properties  [12,  13, 
14,  153. 

Along  with  crystal  materials  glass  like  materials  have  come  into  wide  use. 

Tellurite  black  glass  [16],  containing  from  20  to  61.$^  T9O2,  and  as  impurities 
-  CaO,  Mn02  and  V2O5,  passes,  in  a  wave  range  of  O.ft-5.0  ^  ,  up  to  TOX  of  radiation 
energy.  Having  similar  properties  are;  Tellurite  glass  TeOj  -  PbO-ZiiF2  Ci7]i 
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lead>lanthanvin  gemanluB  glaas  type  G-135,  calclue-elvnlnum  -  silicate  glass  type 
C-1458,  and,  equivalent  to  them,  germanate  glass  C-1434  [18]  (Fig.  IV. 12). 

Analogous  curves  of  transaisslon 
have  glass  like  materials  on  a  base  of 
ealclvB  alvnirute  C19],  which  in  a  wavs 
range  of  2-5  u  have  a  coefficient  of 
transparency  up  to  90^  and  a  refractive 
index  for  a  4.26  wave  of  1.592  —  1.753* 
Glass-like  materials  with  a  wider 
range  of  spectral  transmissivity  have  been 
created  on  a  base  of  selenium,  arsenic 
snu  sulfur  [17,  20]. 

Sulfur-arsenic  glasses  (Fig.  IV.I3) 
are  transparent  up  to  I4  ^  and  in  a 
case  of  205^  sulfur  content  they  will  pass  up  to  yjfL  of  the  radiant  flxuc  (curve  1,  a), 
and  with  605?  sxtlfur  content  the  coefficient  of  transparency  of  radiant  flux  is  in¬ 
creased  to  65^  (curve  l,b).  Glass-like  seleniian  (curve  2)  has  an  almost  xaiifom 
transparency  in  a  wave  range  of  1-21  a  ,  equal  to  60-655?. 

The  most  successful  was  glass  from 
pentaselenide  and  pentasulfide  of  arsenic, 
whose  spectral  curves  of  transmission  are 
shown  in  Fig.  IV. 14* 

(b)  HfUMB  Ummu ,  mn  Trisulfide  of  arsenic,  obtained 

Fig.  IV,13.  Transmission  of  glass  Freric,  constitutes  a  glass-like  substance 
of  sulfu -arsenic  1  and  selenlm  2. 

KEYs  (ay  TransmiBSion,  (b)  Vtave  of  a  dark  red  color.  At  normal  temperature 
length,  ^  . 

coefficient  of  expansion  is  26*10"°,  point 
of  softening  +195*C,  solubility  in  water  at  normal  temperature  S*10"5  g/iOO  cm^, 

density  3*2  g/cm^.  Tranwdsslvity  in  the  1-12  u  region  is  705?.  The  glass  is  hard 
but  easily  yields  to  grlndir 


Fig.  IV. 12.  Transmission  of  glass: 

1 — G-I35,  thickness  2bb;  2— C-1434, 
thickness  2  sm. 

KEY:  (a)  Transmission,  5?:  (b)  Wave 

length,  M  . 
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PentAselenide  and  pentasulfide  glass. 


black  in  appoarance  with  a  brilliant 
surface,  is  insoluble  in  water  at  normal 
temperature  (at  100*C  their  solubility 
constitutes  0.0017  g/lOO  cm^),  and  has 
a  density  of  the  order  of  4*4  g/cm3  and 
a  softening  point  of  200*C.  In  a  wave 
range  of  0.6h-13  t*  transparency  of  the 
glass  constitutes  60-65^. 

3.  Reflecting  Coverings 

In  instirvments  of  infrared  technology  reflecting  optical  systems  are  frecraently 
applied.  Their  basic  advantage,  as  compared  to  lens  optics,  is  the  absence  of 
chromatic  abez*ration,  which  allows  us  to  use  the  sane  objective  in  a  very  wide 
spectral  range.  Purthensore,  the  value  of  mirror  objectives  is  lower  than  the 
value  of  lens. 

To  mirrors  are  presented  two  basic  requirements:  high  reflectivity  in  the 
needed  spectral  range  and  good  quality  of  image.  The  first  is  attained  by  corre¬ 
sponding  selection  of  reflecting  covering;  the  second  -  by  the  quality  of  manufacture 
of  the  sublayer  (glass  or  metallic)  of  a  definite  form:  paraboloid,  hyperboloid, 
ellipsoid,  part  of  a  sphere  or,  finally,  a  plane.  The  sublayer  material  most  widely 
used  is  glass,  which  processes  well  and  allows  us  to  obtain  reflecting  surfaces  of 
high  quality. 

The  external  surface  of  mirrors  is  covered  by  a  dense  layer  of  well  reflecting 
infrared  rays  of  metal  by  means  of  its  svaporaticn  in  a  vacu'iSi,  since  reflectanfe 
of  coverings  precipitated  in  a  vacuum  is  always  higher  than  for  the  polished  sxirface 
of  metal  . 

In  the  infrared  region  of  the  spectrvn  high  reflectance  is  possessed  by  silver. 


Fig.  IV. 4.  Transmission  of 
pentasulflde  (l),  pentaselenide 

(2),  and  trisulfide  (3) .of,  artenic. 

KEY:  (aj  Transmission,  %;  {b) 

Wave  length,  M  t 
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gold,  copper,  rhodim,  and  alualmai  (Fig*  TV. 15).  For  wave  lengths,  wore  than  U  ^  , 
reflectivity  of  these  coverings  say  be  defined  by  the  formula 

P=I-0,3«5l/I^.  (IV. 1) 

where  r  is  the  specific  resistance  of  metal,  ohm/m^/ffl} 

I  is  wave  length,  u  • 

Silver  in  the  infrared  region  of  the  spectrum  has  a  reflectivity  of  99%,  how¬ 
ever,  only  in  the  fleshly  prepared  layer.  With  passage  of  time  the  layer  darkens, 
and  reflectance  strongly  drops.  Moreover,  because  of  conparatively  bad  cohesion 
with  glass,  the  physical  durability  of  the  layer  is  insignificant. 

Alloy  of  aluninun  and  magnesltn  (69%  A1  +  31%  Mg)  is  siore  stable  than  silver, 
but  reflectivity  in  the  Infk'ared  part  of  the  spectrum  attains  92%. 

Ciold  and  platimmi  have  the  same  reflectivity  in  the  infrared  part  of  the 
spectrum,  as  silver,  and  in  their  chemical  and  physical  stability  do  not  differ 
except  in  rhodium  coverings.  A  layer  of  gold  is  very  convenient  if  it  is  necessary 
to  lower  reflection  of  visible  radiation. 

Alumlnun  has  high  reflectivity  in 
all  the  optical  part  of  the  spectnsn  of 
electroaugnetlc  oscillations  ~  from  vacuum 
ultraviolet  to  the  far  inf^ared  region. 
Possessing  good  cohesion  with  glass  and 
protective  oxide  film,  the  reflecting 
aluninian  la]Fer  has  good  mechanical  dura¬ 
bility  (covering  can  be  washed  by  water 
with  soap)  mryA  dces  net  dim  in  air.  The 

O 

thickness  of  the  protective  oxide  film  attains  100  A.  To  increase  its  durability 
a  spray  of  a  thin  film  of  SiO  is  applied,  which,  even  under  conditions  of  heating 
up  to  A50*C  for  40  houz*8  and  the  effect  of  a  10^  solution  of  NaOH  for  an  hour, 
ensures  preservation  of  reflectance  of  the  layer. 


Fig.  IV. 15.  Spectral  reflectivity 
of  certain  coverings. 

KKY:  (a)  Reflection,  %i  (b)  Wave 
length,  Mi  (c)  Alzak. 


FVequentljr  It  Is  desirable  to  use  the  reflective  elesient  as  a  filter  for 
cutting  out  an  imnscessar^  section  of  wave  lengths  or  isolation  of  a  desirable 
band  of  radiation.  With  this  goal,  in  recent  jears  there  have  been  developed 
different  combinations  of  selective  reflecting  films  [21], 

In  the  simplest  fora,  such  reflective  filters  consist  of  opaque,  well-reflecting 
metal  (for  instance,  alisuinun) ,  dielectric  lining  and  a  semitransparent  layer  of 
metal.  Maxlmun  reflection  is  for  those  wave  lengths,  for  which  the  thickness  of 
the  lining  i  i  equal  to  an  even  nvmber  of  quarters  of  wave  lengths  {  mlnlsnsB  -  for 
those  wave  lengths,  for  which  thickness  c  *  lining  is  equal  to  an  odd  nuBber  of 
quarters  of  wave  lengths.  Reflectivity  for  maxlimmi  is  equal  to  the  reflectivity 
of  opaque  metal,  but  reflection  for  silnlmum  may  be  brought  to  zero  by  means  of 
corresponding  selection  of  thickness  of  seadtransparent  metallic  film  (Fig.  17.16). 

Filters  of  such  type  are  prepared 
for  all  the  optical  region  of  electro¬ 
magnetic  oscillations  and  micro-waves. 

It  was  determined  that,  applying  several 
film  pairs,  it  is  possible  to  prepare 
very  namrow-bana  reflecting  filter. 

Very  frequently  it  is  necessary  to 
cut  out  the  visible  and  ultraviolet  part 
of  the  spectrun  for  the  purpose  of  de¬ 
creasing  the  effect  of  scattered  light 
in  the  instmmient .  With  this  goal,  two 
fils  ccsobinationB  of  Such  "daTK”  mxrrors 
were  developed  (Pig.  IV. 17). 

In  first  type  aluminum  la  covered  by  germanimn  film  and  SIO,  where  each  of 
the  films  has  a  thickness  approximately  a  quarter  of  the  wave  length.  Gezwunlua 
is  used  because  of  Its  good  absorption  '^n  the  visible  part  of  the  spectrum  and 
good  transmission  in  the  infrared. 
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Fig.  IV.  16.  Construction  and 
spectral  reflectivity  of 
selectively  reflecting  filter. 
KEY:  (a)  Reflection,  %•,  (b) 

Semitransparent  metallic  film; 
(c)  Dielectric  lining;  (d) 
Opaque  aluminin;  (e)  Glass; 
(f)  Wave  length,  n  . 
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Fig.  IV. 17.  Conatruction  and  spectral  reflectivity 
of  '•dark'*  mirrora. 

KEY:  (a)  Reflection,  %%  (b)  Up  to;  (c)  Hinutea; 

(d)  Opaque;  (e)  Glaaa;  (f)  Wave  length,  u  . 


In  the  aec  1  type  ti#o  coverings  of  SIO  are  used  (divided  by  semitransparent 
aluminum  film  applied  on  an  opaque  layer  of  almintan. 


II.  Optical  Syatene 
A.  Assignment  and  Classification 

Optical  systems  are  designed  for  reception  (tranasdsaion)  and  redistribution 
of  radiant  flux  with  the  purpose  of  its  more  effective  use. 

They  can  be  a  component  part  of  a  source  of  radiation  energy.  In  this  case 
optical  systems  serve  either  for  concentration  or  radiant  flux  in  a  small  solid 
angle  to  obtain  great  luninuous  intensity  in  a  definite  direction,  or  for  obtaining 
a  definite  form  of  rays  of  radiant  flux. 

If  optical  systems  are  applied  Jointly  with  a  receiver  (indicator)  of  radiation 
energy,  then  they  are  designed  for  focusing  radiant  flux  icident  on  the  optical 
system  and  the  direction  of  it  to  the  sensitive  element  of  the  receiver.  Thanks  to 
this,  irradiance  of  the  sensitive  element  can  significantly  exceed  irradlance  of 
the  surface  of  the  optical  system. 

There  are  three  groups  of  optical  systems: 
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a)  lens  or  dioptric,  in  which  radiant  flux  is  redistributed  as  a  result  of 
passage  of  it  through  re  racting  ssedis, 

b)  reflective  or  catoptric,  in  which  radiant  flux  is  redistributed  in  space 
as  a  result  of  reflection  from  one  or  several  minrors  of  different  fom, 

c)  mixed,  combining  lens  and  reflective  sTStems. 

These  three  groups  of  optical  systesis  have  found  wide  application  in  instmiments 
of  infrared  technology. 

Quality  of  optical  S7^tsm8  in  infrared  instmanents  in  siany  respects  is  de¬ 
termined  by  their  resolving  power,  which  in  many  cases  should  be  very  high.  Thus, 
in  visible  and  near^icave  infrared  regions  of  the  spectrum  where  as  sensitive  elements 
are  used  the  eye,  a  photographic  plate  or  an  image  convertor,  having  a  resolving 
power  sometimes  less  than  10  ><  ,  from  optical  systems  there  is  required  a  resolving 
power  not  less  than  40-30  lines  per  1  nn.  Stax*ting  from  2  n  and  above  the  re¬ 
solving  power  of  contemporary  sensitive  elements  constitutes  a  magnitude  of  the 
order  of  100  n  and  mox*e,  which  somewhat  lowers  the  requirement  for  resolving  power 
of  optics.  This  circuostance  makes  It  possible  to  apply,  in  certain  types  of 
Infrared  Instruments,  simpler  optical  systems. 

Resolving  power  of  the  ideal  optical  system  Is  limited  by  the  diffraction 
pattern  around  the  image  of  the  observed  point.  Diameter  of  the  image  of  a  point 
source,  in  this  case,  may  be  determined  from  relationship 

•^=1,22-^,  (IV.2) 

where  d  is  the  diameter  of  the  central  maxljmzn  of  point  image  in  the  same  units  as 
X  . 

f  is  focal  length  of  objective,  effective  for  a  given i  , 

D  is  diameter  of  inlet. 

This  expression  shows  that  with  increase  in  X  wid  f,  resolving  power  of 
optical  systems  worsens. 

In  real  optical  systems,  resolving  power  additionally  worsens  due  to  distor¬ 
tions  inherent  in  them  (aberrations). 
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5^  Lens  Optical  Syst^a 


Any  lens  optical  constitutes  a  definite  combination  of  lenses,  therefore, 
basic  operational  pririciples  of  such  systems  can  be  explained  by  the  example  of  the 
work  of  a  single  lens.  The  lens  is  that  component  made  out  of  some  kind  of  trans¬ 
parent  material,  limited  by  one  or  two  spherical  surfaces  whose  centers  are  dis¬ 
posed  on  one  ILne  called  the  main  optical  axis  of  the  lens  (Pig.  IV. 18a). 

For  description  of  geometric  forms 
and  properties  of  a  lens  it  is  sufficient 
to  know  the  radii  of  curvature  of  surfaces 


Fig.  IV. 18a.  Parameters  of 
a  lens. 


and  r2,  axial  thickness  d,  diameter  D 
and  index  (refractive  index  of  material 


n,  frcsn  which  lens  is  prepared. 

In  the  case  of  collectij-.g  systems  (objectives)  the  basic  problem  of  optics  is 
obtaining  an  Image  of  luminescent  points  or  extended  objects. 

An  image  of  luminescent  points,  obtained  with  the  help  of  lenses,  differs 
from  real  sources  by  the  fact  that  although  from  the  real  source  radiant  flux  spreads 
to  all  sides  and  may  be  revealed  from  all  sides,  from  its  image,  obtained  with  the 
help  of  a  lens,  radiant  flux  spreads  in  a  limited  solid  angle  u.  The  magnitude 
of  this  solid  angle  is  determined  bj  the  relative  opening  of  the  lens.  Thus,  if 
one  decreases  the  diameter  of  the  lens  by  the  diaphragm,  then  the  solid  angle  will 
be  narrowed  and,  within  limits,  an  image  will  be  obseinred  only  in  one  definite 
direction  (Fig.  IV. 18b). 

In  the  considered  example  source  of  radiation  S  is  on  the  main  optical  axis 
of  the  lens.  Its  image  S’  is  obtained  also  or.  the  main  optical  axis  at  a  point 
called  conjTjgate.  If  one  moves  the  source  of  ridiation  from  the  lens  to  such  a 
distance  that  it  is  possible  to  consider  the  rays  falling  on  the  lens  parallel,  then 
the  image  will  be  at  a  point  called  main  focus  F. 


diatjurjca  fro®  the  asair.  plane  of 
lens  HH  tc  the  main  focus  is  called  nain 
focal  length)  f*  .  Hidn  focal  length  f 
depends  on  siagnltude  and  direction  of 
radii  of  curvature,  refraction  index  of 
material  and  thickness  of  lens 

Fi^.  IV. 18b,  Observation  of  an 
image  of  a  luninescent  point 

through  a  lens .  _ _ af,r, _ 

KEY:  (a)  Unseen.  '  («— ‘  (IV. 3) 

In  diagrams  of  objectives  there  are  usually  indicated  magnitudes  f'  and  o' 
(sTaranit  focal  length).  This  allovn*  us  to  find  the  main  back  focus  F*  and,  deferring 
to  the  left  o"  it,  the  main  focal  length  f’,  to  obtain  the  positions  of  the  main 
plane  H'H*  (Fig.  IV. 19). 


It 


Fig.  IV. 19.  Definition  of  the 
main  plane  of  objective. 


Introduction  of  the  idea  of  main 
plane  H*H*  allows  us  to  replace  the 
actual  refraction  of  the  ray  on  all 
surfaces  of  the  lenses  of  the  objective 
by  a  fictitious  one,  and  thereby  carry 
out  more  simply,  a  geometric  construction 


of  the  Image. 

Illuminance  of  the  Image  created  by  the  objective  is  proportional  to  the 
candle-power,  i.e,,  the  illxmilnance  of  the  image  is  increased  with  an  increase  of 
diameter  and  a  decrease  of  focal  length  of  objective 


fSX. 

\f  J 


(IV.4) 


In  this  connection  one  should  consider  the  question  concerning  brightness  of 
the  image  of  the  observed  object  obtained  with  help  of  the  objective.  Here  two 
cases  are  characteristic:  observation  of  an  extended  object  and  observation  of 
a  point  sovirce  of  radiation  (Fig.  IV. 20). 


In  the  first  case  at  distance  1  from  the  objective  with  an  area  of  inlet  S 
there  is  a  body  with  surface  o.  The  isMge  of  this  body  with  area  Oi  is  constructed 
by  objective  at  distance  1^: 

(IV.5) 

Radiant  flux,  directed  froai  the  tady  to  the  objective  may  be  defined  by 
foraula  ®=Boe, 

where  B  is  brightness  of  surface  a; 

•  is  solid  angle,  in  which  flux  spreads,  consequently, 

*  =  (IV.6) 

Ehwrging  from  the  objective,  radiant 
flux  will  decrease  its  magnitude  due  to 
losses  in  the  objective 

Fig.  IV. 20.  To  calculate  brightness 

of  image.  This  flu?  creates  an  observable 

image  by  area  Oi  and  brightness  B^, 


whence 


A  _  tB»S 

=  (IV. 7) 


Consequently,  brightness  of  the  ioiage  built  by  the  objective  is  always  less 
than  the  brightness  of  the  observed  object  (  t<  l). 

Illuminance  of  the  image  created  in  this  case  by  the  objective  may  be  calculated 
by  the  formula 

_  tBS 

— if  Jf'  (IV.8) 

If  one  considers,  with  optica,  instmaents,  point  80iu*ce8  of  radiation,  then 
one  can  obtain  also  amplification  of  brightness  of  the  image.  However,  in  this 
case  a  decisive  role  is  p].ayed  by  a  characteristic  of  the  work  of  the  eye  during 
observation  of  extended  and  point  objects. 


Durin/?  observation  of  a  point  soixrce  all  of  its  iau^e  falls  on  one  light  sensi¬ 
tive  element  of  the  retina  of  the  eye  regardless  of  whether  it  was  considered  by 
the  naked  eye  or  throtsgh  an  optical  instnaient.  During  observation  of  a  source  by 
the  naked  eye  the  luninous  flux  falling  on  an  element  of  the  retina  is  proportional 
to  the  area  of  the  pupil  of  the  eye.  If,  however,  a  source  is  observed  in  an 
optical  instrument,  then  on  the  eye  falls  a  Itmilnous  flux  proportional  to  the  area 
of  the  objective.  Thanks  to  this  the  brightness  of  the  image  inci^ases  proportion¬ 
ally  to  the  ratios  of  the  squares  of  the  diaswters  of  the  objective  and  the  pupil 
of  the  eye.  And  since  the  brightness  of  background,  as  an  extended  object,  remains 
constant,  contrast  of  image  simultaneously  increases. 

Very  frequently  optical  systesis  are 
characterized,  along  with  the  idea 
"relative  opening"  or  "candle-power," 
by  the  idea  "aperture  of  optical  S3rstem" 
(Fig.  IV.21). 

Angular  and  nunerical  apertures 
differ.  Under  angtilar  aperture  we  under¬ 
stand  maximum  angle  a  between  extreme  effective  rays  of  a  conical  light  ray  passing 
Into  the  optical  system.  Nunerical  aperture  is  n  sin  where  n  is  the  refraction 
index  of  a  medium  in  which  the  object  is  observed.  With  the  help  of  the  aperture 
one  can  determine  the  qxiantity  of  effective  radiant  flux  and  resolving  power  of  the 
optical  system.  Thus,  the  brightness  of  the  image  is  proportional  to  the  square 
of  the  numerical  aperture,  and  the  resolving  power  is  proportional  to  the  angular 
aperture. 

In  instrvnnents  Intended  for  visual  observation  in  infrared  rays,  along  with 
objectives,  ocxilar  systems  are  also  used.  In  its  simplest  form  the  eyepiece  is  a 
magnliying  glass  (magnifier)  allowing  the  eye  to  observe  an  object  under  an  in¬ 
creased  angle  (Fig.  IV. 22), 


Fig.  IV.21.  Aperture  of  an 
optical  system. 
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The  magnifier  is  placed  before  the  eje,  and  the  considered  object  -  at  a 
distance  equal  to,  or  aoaewhat  smaller  than  the  focal  length  of  the  magnifier.  In 
this  case  there  is  obtained  an  imaginary  strai^t  line  and  an  increased  Image  of 
the  observable  object. 


Fig.  IV. 22.  Construction  of  an 
image  by  a  magnifier. 


The  magnifying  power  of  the  ocular 
system  is  characterised  oy  the  ratio  of 
the  tangent  of  the  angle  at  which  the 
object  is  seen  through  the  magnifier  to 
the  tangent  of  the  angle  at  which  the 
object  Is  seen  without  the  magnifier  from 
a  distance  for  best  eye  sight,  250  inn: 
tan  Uf 


ro.= 


tan 


(IV.9)* 


If  the  object  is  in  the  focal  plane  of  the  eyepiece,  then  from  every  point  of 
the  object  from  the  eyepiece  esierges  a  parallel  pencil  of  rays  which  leads  by  eye 
to  the  point,  and  on  the  retina  is  obtained  a  sharp  image  of  the  observed  object. 
This  case  is  the  most  frequently  encountered  in  practice,  since  the  eye  of  the 
observer  is  in  a  state  of  rest  and-  consequently,  does  not  cause  fatigue.  In  this 
case  the  magnifying  power  of  the  eyepiece  may  be  detenalned  from  relationship 


(IV.IO) 

From  formula  (IV. 10)  it  Is  clear  that  the  magnification  of  the  ocular  system 
can  be  very  large  if  one  decreases  its  focal  length.  However,  the  practical  limit 
of  the  magnifying  power  of  the  eyepiece  is  determined  by  the  minimum  permissible 
focal  length  from  the  point  of  view  of  observation  convenience.  Therefore,  in 
optical  instrusents,  inclxiding  infrared  Instrvments,  eyepieces  with  a  magnification 
of  more  than  15>20  times  do  not  find  application.  Total  magnification  of  such 
instrunents  is  determined  by  the  ratio  of  the  focal  length  of  the  objective  to  the 


■»The  Russian  subscript  ”0!C"  indicates  "ocular”. ~Bd. 
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focal  length  of  the  eyepiece,  but  in  a  case  of  the  presence  of  an  Intemedlate 
element  (for  Instance,  an  isiage  converter}  also  by  Its  nagnlfication. 

r=}s5lVo».  (IV.ll)* 

where  r».on  is  the  electronic  optical  magnification  of  the  converter. 

The  useful  range  of  focal  lengths  of  ocular  systems,  applied  with  a  given 
objective,  is  limited,  on  the  one  hand,  by  weakening  of  light  distributed  on  too 
magnified  an  image  (lower  limit),  and  on  the  other  -  by  the  magnitude  of  the  output 
pupil  (upper  limit). 

The  diameter  of  the  pupil  of  a  man  can  change  from  2  to  8  m.  Since  the 
purpose  of  the  eyepiece  is  to  gather  all  the  light  from  the  observed  object  and 
to  direct  its  parallel  beam  to  the  eye,  it  is  necessary  that  all  the  light  enter 
the  eye  opening.  This  is  especially  Important  for  instruments  working  in  conditions 
of  low  llltmiinance .  Therefore,  in  eyepieces,  as  a  rule,  we  try  to  get  an  image 
picked  up  near  the  eye  to  a  circle  in  diameter  less  than  8  nn. 

6.  Reflective  Optical  Systems 

Reflective  optical  systems  [spherical  or  parabolic  concave  (convex)  mirrors] 
find  application  as  optics  of  irradiated  systeois  of  instruments  of  night  vision, 
in  heat  direction  finding  instrusents,  and  in  hosting  devices  for  focusing  radiant 
flux  from  a  target  to  a  sensitive  element  and  in  other  devices  ifhere  it  is  not 
necessary  to  obtain  simultaneously  all  the  image  of  the  field  of  survey  (Fig.  IV. 23). 

A  real  reflector  has  two  surfaces  -  the  face  and  the  back.  The  facing  surface 
is  turned  toward  the  soui*ce  of  radiation  or  the  sensitive  eleaient.  It  detennines 
the  aperture  of  the  reflector  (a  circle  limited  by  the  edges  of  a  mirror)  or  its 
light  opening.  Ihe  distance  from  the  shear  plane  of  the  reflector  to  its  s\maiit 
is  called  depth  (H).  The  point  at  which  the  rays  gather,  tdilch  fall  on  the 

*The  Russian  subscript  "o6  "  indicates  "object." — Ed. 
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reflector  of  the  optical  axla  in  parallel  is  called  the  focus  of  reflector  P,  and 
the  distance  frc»n  susmit  0  to  focus  is  focal  longth  f. 

Angxe  of  scope  w  of  the  reflector  is  called  a  solid  angle  with  sunnit  in 
focus,  resting  on  the  light  opening.  Its  value  nay  be  expressed  through  plane 
angle  9m«ko  *  in  the  fora  of  relationship 

•  =  2*;(1-co8>«„).  (IV.12) 


Fig.  IV. 23.  Basic  parameters 
of  a  reflector. 

KE7:  (a)  Maximum. 


Depending  upon  construction  (Fig. 

IV. 24)  reflectors  are  subdivided  into 
smaU  (<Pm*kc<  ISO®),  deep  100®), 

and  with  a  blind  spot.  The  latter  have 
an  opening  in  the  central  part,  against 
idiich  something  Is  attached  idileh  shields 
this  part. 

Since  the  source  of  radiation  or  the 
sensitive  element  has  finite  dimensions, 
reflectors  have  a  certain  angle  of 
divergence  (2a  ),  the  magnitude  of  which 


is  determined  by  the  ratio  of  dimensions  of  the  radiator  (sensitive  element)  to  the 
focal  length  of  the  reflector.  In  certain  cases  angle  2  a  is  assuaed  to  be  the 
Instantaneous  field  of  sight  of  the  optical  system. 

Because  of  the  presence  of  an  angle 
of  divergence  in  reflectors  of  inradiated 
devices  the  axial  luminous  intensity 
remains  constant  only  from  a  certain 
distance  L^,  called  the  distance  of  beam 


Fig.  IV. 24.  Types  of  reflectors. 

1 — small;  2— deep;  3— with  blind 
spot. 

(a)  Kaxdjmm. 


shaping.  Starting  from  this  distance, 


erhe  Russian  subscript  '^sakc'*  indicates  '^taximiai." — Ed. 
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which  exceeds  by  tens  and  hundreds  of  tljses  the  fbesl  length,  it  is  possible  to 
apply  the  inverse  square  lew,  determining  Irrsdisnee  at  distance  L: 

At  present  in  infrared  instnssents 
both  glass  and  Betalllc  reflectors  find 
application. 

As  an  example  of  the  applleation  of 

glass  reflectors  in  heat  direction 

finding  systesis,  in  Pig.  IV. 25a  there  is 

Fig.  IV. 25a.  Diagram  of  the  optics  given  a  diagram  of  the  optics  of  an 
of  an  infrared  homing  device  "Krebs". 

infrared  hosting  device  "Krebs”  (Germany), 
intended  for  guiding  fire  ships  to  ships  of  an  enemy. 

The  optical  system  consists  of  convex  mirror  1  with  a  diameter  of  35  aa,  on 
which  radiant  flux  falls  from  target  2  throtigh  blind  opening  of  concave  mirror  3 
with  a  diameter  of  250  mn  and  with  focal  length  55  am.  Reflected  from  mirrors  the 
radiant  flux  proceeds  to  mirror  condenser  ("li^t  trap")  4  and  from  there  to  re*> 
celver  5.  In  the  focal  plane  of  mirror  3  there  is  screen  disk  6,  allowing  de¬ 
termination  of  direction  to  target  -  "to  the  right  -  to  the  left".  Field  of  sl^t 
of  optical  system  is  45”,  however  on  its  edges  sensitivity  sharply  drops  which 
pemits,  virtually,  the  use  of  only  the  central  part  of  the  field,  i.e.,  20*. 

In  Fig.  IV. 25b  is  shown  a  diagram  of  a  t>K>-nirror  objective,  in  which  the  blind 
opening  serves  for  transsilsslon  of  flux  to  receiver. 

Along  with  the  glass  reflectors  in  infrared  Instruments,  metallic  also  find 
wide  application.  The  latter  are  simpler  in  manufacture,  cheaper,  and  have  less 
weight  as  compared  to  glass. 

Ck>arse  metallic  refleetoirs,  obtained  by  electroplating  or  electrochemical 
method,  are  used  in  irradiated  installations  and  any  kind  of  signaled  devices. 
Accurate  metallic  reflectors  for  mirror  objectives  and  heat  direction  finding 
instmments  are  obtained  by  electrolytic  method. 
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Fi^.  IV. 25b.  Diagram  of  odrror  objective. 


Mirror  and  mirroivlena  objectives «  coming  into  use  relatively  recently,  allow 
us  significantly  to  decrease  dimensions  of  optics  (length)  with  great  focal  length 
and  to  avoid  chrosiatic  distortions  connected  with  the  passage  of  radiant  flux 
through  the  great  thickness  of  glass. 

In  spite  of  the  fact  that  construction  of  mirror  objectives  was  known  as 
early  as  Newton,  the  obstacle  to  their  manufacture  for  a  long  time  was  the  difficulty 
cf  manufacturing  undianing  mirrors.  Only  after  adjustment  of  the  technology  of 
manufacturing  alxsolnlxed  mirrors  did  It  become  possible  to  prepare  mirror-lens 
systems  with  high  reflectivities  (Pig.  IV. 26). 


Fig.  IV. 26.  Diagram  of  a  mirror-lens 
objective. 


Prom  exasdning  the  optical  diagram 
of  a  miiTor^lens  objective  the  distinctive 
peculiarity  of  such  system  is  conspicxious 
that  the  presence  of  an  annul^u*  form  of 
entrance  pupil  decreases  its  area.  Due 
to  this,  the  area  of  the  entrance  pupil  of 


mirror  and  silrror-lens  objectives  is  less  than  a  lens  of  the  same  dlaaieter. 


In  Pig.  IV. 27  is  given  the  diagram  of  the  objective  of  a  German  homing  devi.;e, 
the  "Vasserfal"  ("Waterfall")*  consisting  of  concave  positive  mirror  1  with  a 
diameter  of  250  nmi  and  a  focal  length  of  450  nsn,  convex  negative  mirror  2,  co  recting 


lens  n<  r  focus  3  for  correction  of  aberration  comae,  screen  4,  condenser  5  and 
photocell  6.  Field  of  sight  of  optical  sjrstem  6®. 

In  certain  constructions  of  mirror- 


Fig.  IV  .27.  Diagram  of  mirror-lens 
objective  of  thermal  head  "Vasserfal”. 


lens  objectives,  on  a  lens  serving  for 
the  protection  of  the  concave  mirror 
from  dust,  sweating,  and  mechanical  damages, 
is  placed  also  the  correction  of  spherical 
aberration,  comae,  and  astigmatism. 
Furthermore,  on  this  lens  is  glued  a 
second  -  negative,  reflecting  surface. 


Such  objectives  have  obtained  the  name  of  meniecus.  There  can  also  be  established 
simultaneously  two  lenses  -  for  entrance  to  the  objective  and  after  output  of  ti:e 
beam  from  the  blind  opening  (near  focus).  In  Fig.  IV. 28  is  given  a  diagram  of  a 
meniscus  objective  with  two  correcting  lens  systems  and  two  inflecting  mirrors. 

A  blind  for  the  concave  mirror  is  introduced  in  order  to  protect  the  image  from 
rays  ^Ich  can  penetrate  into  the  bypass  of  the  negative  mirror. 

At  present  sufficiently  simple 
diagrams  can  be  made  of  mirror-lens 
systems  for  infrared  homing  devices 
(Fig.  IV. 29),  working  Jointly  with  cowls 
and  having  a  sufficient  field  of  sight 
and  good  resolving  power. 

These  diagrams  include  primary 
concave  mirror  1,  secondary  mirror  with 
external  or  Internal  reflecting  layer  2, 


Fig.  IV. 23.  Meniscus  objective  of 
D.  D.  Maksutov  (f  =  260  nn,  A  =  1, 
5,  6). 


cowl  3,  and  correcting  lenses  4.  The  cowl  In  these  diagrams  plays  an  active  role, 
lowering  the  spherical  aberration  of  the  optical  system. 
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The  best  of  these  diAgrams  d  ,  does 
not  have  spherical  and  chromatic  aberra¬ 
tions  and  ensures  the  size  of  the  circle 
of  confusion  ^  2  mrdn  when  angles  of 
incidence  of  radiant  flux  are  6“,  and 
near  2.5  mrdn  when  angles  of  incidence 
are  12®.  Such  a  quality  of  obtained 
inages  makes  the  diagram  promising  for 
infrared  homing  devices  and  heat-direction 
finding  instruments  with  a  large  field 
of  sight. 

For  systems  with  a  small  field  of  sight  diagram  c  is  very  convenient,  which, 
when  the  cowl  is  made  from  fused  quartz  and  the  secondary  mirror-lens  and  correcting 
lens  from  trisulfide  of  arsenic,  allows  us  to  obtain  a  circle  of  confusion  near 
1  mrdn  for  beams  at  an  angle  of  2®  and  less  than  4  mrdn  for  beams  at  an  angle  of  4®. 

However,  in  this  diagram  chromatic  aberration  increases  the  image  of  the  circle 
of  confusion  all  over  the  field  of  sight  to  0,5  mrdn. 

8,  Losses  of  Radiation  Siergy  in  Optical  Systems 

During  passage  of  radiant  flux  through  optical  systems  its  weakening  occurs 
due  to: 

absorption  by  materials  of  the  systems, 

reflection  from  siu'faces  of  lenses  and  other  optical  parts,  and 

scattering  of  radiant  flux  in  the  thickness  of  the  material. 

Absorption  of  radiant  flux  even  in  the  most  transparent  optical  glass  is  caused 
by  the  presence  in  them  of  impurities  of  oxide  of  iron  and  chromitim,  proceeding  into 
the  glass  during  cooking.  It  is  characterized  by  a  coefficient  of  absorption  on 
the  way,  equal  to  1  cm.  For  the  visible  part  of  the  spectrum,  depending  upon  the 
sort  of  glass,  the  coefficient  of  absorption  varies  within  limits  of  0,01-0,03, 


Fig.  IV. 29.  Diagram  of  contemporary 
mirror-lens  objectives  for  Infrared 
homing  devices. 


dropping  in  the  near-wave  infrared  region  of  the  apectnim.  Therefore,  with  thick¬ 
ness  of  glass  m  cm,  tranamissiyity  of  the  optical  systsm  only  due  to  absorption  of 
radiation  energy  may  be  determined  from  relationship 

»^=(I-«)«  (IV. 14) 


Losses  on  reflection  of  radiant  flux  take  place  both  in  lens  and  in  mirror 
elements  of  optical  systems.  These  losses  depend  on  the  refractive  index  of  the 
medium  in  which  radiant  flux  spreads  and  the  angle  of  its  incidence  to  the  boundary 
of  the  two  media. 

In  a  case  of  reflection  of  radiant  flux  from  interface  "air-glass”  or  "glass- 
air"  with  angles  of  incidence  up  to  45-50*  to  the  normal,  reflectivity  may  be 
calculated  by  the  formula 


(IV.15) 


v^ere  n  is  the  refractive  index  of  the  glass  from  which  the  lens  is  prepared. 

In  Table  IV. 3  are  given  values  of  refractive  indices  of  certain  optical  media 
for  various  wave  lengths. 


Table  IV, 3.  Refractive  Indices  of  Certain  Optical  Media 


Refractive  Index  n 

Material 

moQHi 

X  -  4.3  M 

Air... . 

1.000292 

— 

— 

Organic  Class . 

1.49 

— 

— 

Canadian  Balsam . . . 

1.54 

— 

— 

Optical  Class . 

1.5-1.92 

1  1.5-1. 7 

— 

Pi  d  Quartz . 

1.43 

1.43 

1.37 

Arsenic  Trisulflde . . 

— 

2.38 

2.35 

Sapphire . 

1.77 

1.73 

1.68 

Lithium  Fluoride . 

1.39 

1.38 

1.34 

KRS-6 . 

1 

2.63 

2.2 

2.19 

Cermanium . 

4.13 

4.08 

4.02 

Calcium  Bromide . 

1.55 

1.54 

1.53 

Silver  Chloride . 

2.071 

2.01 

2.00 

v 


For  the  E»»t  *fide-apr^*d  material  for  objectives  of  irifrired  instruments  of 
the  near  region  of  the  spectnan  (glass)  the  refractive  index  oscillates  within 
limits  of  1.5-1.92;  therefore,  in  accordance  with  formula  (IV. 15)  reflectivity  from 
one  interface  between  glass  and  air  can  be  assused  equal  to  0.04-0.06. 

In  case  of  presence  n  of  reflecting  surfaces,  tranamissivity  of  objective 
(or  any  optical  unit)  during  calculation  of  onl.  losses  on  reflection  may  be 
calculated  by  the  formula 

\=(1-P)“.  (IV.16) 

Taking  into  accotmt  losses  on  absorption  and  reflection  transmission  of  an 
optical  system  can  be  calculated  by  the  fonsula 

(IV.17)* 

Losses  of  radiant  flux  in  the  thickness  of  the  medium  from  which  the  optical 
system  is  made  are  caused  also  by  its  scattering  due  to  presence  in  the  medium  of 
come  kind  of  heterogeneities:  bubbles,  knots,  small  stones,  and  so  forth.  These 
losses,  as  a  rule,  are  increased  in  the  process  of  operating  the  instruments  during 
careless  treatment  which  leads  co  the  appearance  of  scratches,  spots,  and  deposits 
on  the  8\irfaces  of  optical  parts,  to  their  sweating,  being  strewn  with  anall 
particles  of  mxi  ^tkI  metallic  shaving,  ungluing  of  glued  surfaces,  etc. 

IjOsscs  of  radiation  energy  can  be  essentially  narrowed  down  to  two  methods: 
reduction  of  the  quantity  of  reflecting  surfaces  and  brightening  of  the  optics. 

In  the  first  case  a  decrease  in  losses  is  attained  due  to  gluing  separate 
parts  cf  the  optical  system  by  Canadian  balsam  or  bcdsamine,  having  a  refraction 
index  close  to  glass. 

’.«'hen  gluing  of  optical  parts  is  not  allowed,  brightening  of  optics  is  applied. 
Under  the  brightening  of  optical  parts  we  understand  decirease  of  reflectiv.-y  of 
radiation  energy  from  operating  surfaces  of  optical  components  by  creating  on  them 
films  with  a  refraction  index  close  to  the  refraction  index  of  the  material  from 


^fha  Russian  subscript  "o.c."  LvlicatcB  "optical  system. "-—Ed. 


which  the  optical  part  is  made.  This  film,  while  decreasing  the  loss  of  radiant 
energy,  increases  the  actual  candle-power  of  the  optical  systen,  decreases  the 
magnitude  of  illwiliiation,  and  renders  anti-halo  action. 

In  Pig.  IV. 30  is  shown  the  effect  of  the  brightening  layer  on  the  tranasiisolon 
of  a  germanium  filter. 


Fig.  IV. 30.  Transsiission  of 
germanixsn  filter  before  (l) 
and  after  (2)  applying  the 
brightening  film. 

KEY:  (a)  Transmission,  %i 
(b)  Wave  length,  u  • 


Applying  brightening  films  to  optical 
parts  nay  be  carried  out  by  either 
chemical  or  nhysical  .jeans.  In  the 
first  case  the  film  will  be  formed  due 
to  change  of  structure  of  the  ultrafine 
surface  layer  of  the  optical  ccanponent 
when  xmder  the  effect  of  chemical  compounds 
(for  glass,  for  instance,  siliceous  acid). 
In  the  second  case  on  the  surface  of  the 
brightened  part  by  evaporation  is  de¬ 


posited  film  from  another  transparent 
substance  (for  glass  -  fluorides  of  magnesitan  or  calcium). 
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CHAPTER  V 


RECEIVERS  OF  RADIATION  ENERGY 

1.  Class if icat ion  of  Receivers  of  Radiation  Ehergy 

In  the  optical  region  of  tne  spectrum  of  electroiBagnetlc  oscillations  there 
are  four  baislc  methods  of  registering  the  energy  of  radiation,  vistial,  photographic, 
photoelectric,  and  radiometric.  However,  although  the  last  three  methods  find 
wide  application  in  laboratory  practice,  in  infrared  instnanents  for  military 
purposes,  as  a  rule, the  photoelectric  method  of  registering  radiation  is  applied. 


Table  V.l.  Classification  of  Receivers  of  Radiation  Ehergy 


Nonselective  receivers 


Selective  receivera 


Thermoelements 

Bolometei^ 

Pneximatic  indicator 

Atraograph 

Radiometer 

Optical -acoustic  receiver 


Photocells  with  photoooiaslon 

Photocells  with  photoconductive 
effect  (photoresistance) 

Photocells  with  photovoltaic  effect 

Photocells  with  lateral  photoeffect 

Photocells  with  photomagnetic  effect 


The  photoelectric  method  of  registering  radiation,  with  which  there  occurs 
direct  energy  transfer  of  quanta  of  radiation  to  electrons  of  a  photosensitive 
substance,  is  characterized  by  very  high  sensitivity  and  little  time  lag.  However, 


Ill 


peculiar  to  it.  In  dlatinctlon  rr«  the  r«lio»tric  ..thod,  1.  an  irragularity  of 

senaitlvlty  with  re.poct  to  apaetrt.  within  a  conparatW,  narrow  wavelength 
range  (Pig.  V.l). 


r 


Pig.  V.l.  Relatire  aenaitlvltj 
of  indicators  of  Infrared 
radiation. 

1 — PbS  cooled  (l93*K)j  2— PbTe 
cooled  {90»K).*  3--PbSe  cooled 
(90®K);  cooled  (90*K); 

5— Ce  cooled  (90®K),  alloyed 
vdth  Au;  6— PbS  uncooled  (293®K); 
^—Thenaoindicator . 

PEf:  (a)  Miniarua  threshold 
sensitivity,  units  of  powerj  (b) 
Wave  length,  n  . 


of  specific  requirements  is  presented  to 


Table  V.l  presents  a  more  detailed 
classification  of  receivers  of  radiation, 
and  the  subsequent  paragraphs  consider 
in  detail  only  photoelectric  receivers, 
as  the  Bx>st  wide-spread,  and  in  seme 
measure  superconducting  bolometers.  With 
the  work  and  characteristics  of  contem¬ 
porary  thermoelements  and  bolometric 
diagrams  it  is  possible  to  become  ac¬ 
quainted  with  corresponding  couirses  of 
physics  and  spectroscopy. 


Based  on  the  principle  of  action  of 
noneelective  receivers  of  radiation,  for 
which  the  transformation  of  radiation 
energy  into  thermal  must  occur,  a  series 
them. 


1.  R,.,tvlug  mirf.c.  .hould  h...  high  .baorttag  .bllitjr.  thl.  i. 

attained  by  'Tjlackenlng"  of  receiving  surface. 


2.  Tiro  lag  of  th.  r.Ml»r  d.prod.  on  buUd-up  r.t.  of  it.  t«p.r.tur., 

Conseouentlv.  it.  mIvmiIH  Iuw—  —I  .J4 _ 4 .  

.  ,  __  u*«ogu»*on8  ana  small  thermal  losses  because  of 


th.m.X  conduction  «d  r«lUtlo„.  Ihi.  d««d.d  th.  d.«lop.«,t  of  .tructur,.  cf 


thcmal  cciTW  with  th,  appllc.tion  cf  d..p  cooling  «*1  v.cu»,  ,nd  al«  tl.. 
eelection  of  ssmlconductore  and  dielectrice  as  receiving  surfaces. 
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In  military  instrunenta  of  infrared  technology  thermal  receivera,  due  to  their 
inaufficient  aenaitivlty  and  high  time  lag,  do  not  find,  at  present,  wide  application. 
In  Table  V.2  are  given  data  of  certain  contemporary  thermal  receivers  which  are 
used  in  research  laboratories. 


Table  V.2.  Basic  Characteristics  of  Contemporary  Thermal  Receiveirs 


Type 

Area  of  Re¬ 
ceiving 
Surface,  cm^ 

Temper¬ 

ature, 

*K 

Time 

Constant , 

sec 

Threshold  of 
Sensitivity, 
w/cm2 

Thermoelement  of  ’^ast.... 

1.5'10“2 

1 

!  300 

s-icT^ 

1.3-10““^ 

Thermoelement  Metallic . . . 

5.10-3 

300 

3.6*10-2 

10“® 

Thermoelement  of  Kozyrev. 

2.4-10"^ 

300 

— 

2.3-10”’ 

Metallic  Bolometer  of 
Brockman . 

5.3-10-2 

300 

50-10-^ 

1 

9-10"^ 

Semiconductor  Bolometer 
of  Moon . 

0.5-10-2 

1 

300 

50-10"^ 

5-10"^*^ 

Dielectric  Boloneters  of 

100*10"^° 

Clays . 

0.5-10“^ 

1 

300 

0.1 

It  is  natural  that  for  registration  of  fast-flowing  processes  the  above 
considered  receivers  of  radiation  cannot  be  used. 

From  the  point  of  view  of  military  application,  of  known  interest  are  super¬ 
conducting  bolometers,  possessing  high  sensitivity  in  a  wide  range  of  infrai\id 
spectrum  and  a  comcaratively  small  time  lag. 

The  phenomenon  of  superconductivity  of  certain  materials  was  discovered  long 
ago  and  consists  of  the  fact  that  near  absolute  zero  (t  *  273.15®C)  resistance  of 
certain  materials  drops  practically  to  zero  with  a  change  of  temperature  several 
thousand  fractions  of  a  degree  as  compared  to  the  initial  critical  temperature. 

:Jonsequently,  such  materials,  in  conditions  of  superconductivity,  will  possess 
very  large  temperature  resistance  coefficients,  which  is  one  ox’  the  necessary 
conditions  for  obtaining  highly  sensitive  bolometers.  Heat  capacity  of  materials 
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in  conditions  of  superconductivity  becomes  extraordinarily  small,  which  is  the 
second  condition  for  obtaining  highly  sensitive  bolometers.  Furthermore,  at  very 
low  temperatures  fluctuations  of  voltage  on  clamps  of  the  sensitive  element  sharply 
decrease,  approaching  zero.  This  allows  significant  amplification  of  useful  signal, 
usually  limited  by  its  ovm  circuit  noises,  and,  consequently,  improvement  of  the 
sensitivity  threshold  of  the  receiver. 

In  spite  of  the  evident  promise  of  such  bolometers,  for  a  long  time  we  did 
not  manage  to  obtain  any  useful,  operational  Instrument.  This  is  explained  by  the 
fact  that  for  an  overwhelming  majority  of  materials  the  phenomenon  of  superconduct¬ 
ivity  sets  in  at  very  low  temperatures  (lead  4*K,  tantalum  3.22-3.23*K),  \diich  it 
is  possible  to  ensure  only  by  using  liquid  helium  as  a  cooling  agent. 

The  discovery  of  the  phenomenon  of  superconductivity  for  nitride  of  niobium 
and  columbiisn  nitride  at  higher  temperatures,  obtained  during  the  application  of 
liquid  hydrogen,  allowed  the  creation,  on  their  basis,  of  useful  superconducting 
bolometers  and  the  studying  of  their  basic  properties  (Pig.  V.2). 

For  columblum  nitride  the  transition 
from  normal  state  to  superconductivity 
sets  in  between  14.34  and  14.38*’K.  In 
this  range  of  temperatures  on  a  linear 
section  of  the  curve  the  change  rate  of 
resistance  constitutes  a  magnitvide  of 
105  ohm/degree.  To  obtain  such  temper- 
atxires  is  significantly  simpler,  since 
the  application  of  liquid  hydrogen  is 
sufficient.  The  laboratory  of  John 
Hopkins  University  in  Baltimore,  where  a 
superconducting  bolometer  was  made  from 
colunbiin  nitride,  developed  also  a 


Fig.  V.2.  Change  of  resistance 
of  a  superconducting  bolometer 
of  columblum  nitride. 

KEY:  (a)  Resistance,  ohm;  (b) 
Absolute  temperature,  •K;  (c) 

Degree. 


rortable  installation  weighing  24  kg  for  obtaining  liquid  hydrogen  from  the  usual 
gasiform  with  a  productivity  ensuring  filling  of  a  thermostat  during  2  hours  (Fig. 

A  bolometer  consists  of  tape  1  of 
colurabium  nitride  6  M  thick,  0.25  mm 
wide,  and  5  nm  long,  glued  with  the  help 
of  bakelite  varnish  on  the  face  of  a 
massive  copper  cylinder,  3»  1  cm  in 
diameter  and  surrounded,  for  mechanical 
protection  and  protection  from  outside 
radiation,  by  copper  hemisphere  4«  The 
cylinder  is  dipped  in  thermostat  6,  consisting  of  several  dewar  vessels,  filled 
with  liquid  nitrogen  and  hydrogen.  The  sensitive  element  is  in  a  vacuum  at  a 
temperature  of  14 ®K.  In  order  to  bring  the  temperature  to  the  roost  favorable 
(14.36‘’K),  in  direct  proximity  to  the  mass  of  copper  surrounding  the  bolometer  is 
located  a  500  ohm  resistor  7,  throtigh  which  a  10  ma  current  is  conducted. 

Required  temperature  and  efficiency  of  bolcaaeter  remain  constant  for  4  hours 
after  charging. 

Fluctuating  noises  of  voltage  on  clamjss  of  the  bolometric  resistor  are  equal 
to  approximately  0.5  X  10”^  microvolt,  i.e.,  correspond  to  a  signal  with  an  average 
energy  of  10"^  erg,  however,  applying  narrow-band  amplifier,  it  is  possible  to 
improve  threshold  of  sensitivity  to  2*10“^  or  2*10'"^3  wsec. 

Since  construction  of  a  bolometer  ensures  fast  heat  removal  caused  by  absorption 
of  radiation  energy  due  to  thermal  conductivity  and  fast  return  to  a  state  of 
equilibrium  after  ceasing  of  action  of  radiant  flux  on  sonsitlve  element,  then  the 
time  lag  of  such  a  bolometer  is  Insignificant.  In  Fig.  V,4  is  given  the  growth 
curve  of  the  Signal  dep)ending  upon  the  time  of  irradiation  of  the  bolometer  by  a 
radiant  flux  modulated  with  a  frequency  of  13  cj58.  As  can  be  oeen  from  the  curve, 


Fig.  V.3.  Construction 
of  superconducting 
bolometer. 
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the  sifjnal  attains  maximum  value  during  the  time  of  0.3  millisecond.  Consequently, 
the  time  constant  of  a  superconducting  bolometer  may  be  estimated  as  0.0003-0.001  sec. 

At  present  a  large  qiiantity  of 
bolcmietric  diagrams  are  known,  founded 
on  the  phenomenon  of  superconductivity 
and  used,  so  far,  for  spectroscopic 
targets.  Introduction  of  bolometric 
diagrams  in  applied  technology  of  Infrared 
ra3r8,  including  military,  so  far  prevents 
the  difficulty  of  obtaining  necessary 
cooling. 

However,  such  a  method  of  registration  of  thermal  radiation  is  long-term, 
since  few  receivers  reveal  a  flux  of  radiation  energy  of  10"^®  w  with  a  sufficiently 
small  time  lag  in  a  wide  spectral  range  of  bensitlvity. 

Table  V.3.  Basic  Characteristics  of  Superconducting  Bolometers 


Author 

Dimenolon 

OTTi 

Resistance, 

ohm 

Time 

Constant , 
Sec 

Threshold 
of  Sensi¬ 
tivity.  w 

Type  of 

Filler 

Andrews. . . . 

1.25 

5 

5*10-^ 

5-10'^° 

Vacuum 

mton . 

0.8 

— 

'  10"^ 

10 -10"^° 

Vacuum 

Nelson . 

0.8 

— 

18-10-^ 

3.5-10-^° 

Vacuum 

Fig.  V.4.  Growth  of  signal 
of  superconducting  bolometer, 
depending  upon  time  of  its 
irradiation. 

KEY:  (a)  Relative  sensitivity; 

(b)  Noise  level  5*10“'  microvolt; 

(c)  Exposure  time,  millisecond. 


3.  Receivers  with  External  Photoeffect  (Photoemission) 

The  region  of  photoelectric  phenomena  includes  the  appearance  of  electromotive 
force  under  the  effect  of  radiant  flux  (photovoltaic  effect),  the  change  of  re¬ 
sistance  of  substance  during  its  irradiation  (photoconductivity),  and  the  emission 
)f  electrons  from  the  surface  of  bodies  under  the  effect  of  incident  radiant  flux 
( photoemission) . 
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Tn  Msual  conditions,  in  any  metal  there  is  nearly  free  electrons  in 

1  cm^.  All  of  them  carry  a  definite  energy  supply  and  freely  shift  in  all  possible 
directions  inside  the  mass  of  metal.  However,  their  energy  is  still  insufficient 
to  allow  them  to  leave  the  matter.  For  that,  as  s  known  from  quantm  theory,  it 
is  necessary  to  impart  additional  energy  to  the  electrons. 

Additional  energy,  in  particular,  can  be  energy  of  infrared  radiation,  which, 
being  absorbed  by  matter,  is  partially  expended  on  heating  it,  and  also  partially 
on  giving  the  electron  additional  kinetic  energy  and  pulling  it  out  of  the  substance. 
Thus,  in  the  case  of  photoemission  there  occurs  a  transformation  of  radiation 
energy  into  energy  of  flying  electrons,  i.e.,  into  electromagnetic  energy  (if 
initial  velocity  of  electrons  is  P  O). 

An  electron  can  abandon  a  substance  (metal)  only  when  radiation  energy  is 
absorbed  by  the  substance  and  it  suffices  to  svirmount  the  binding  forces  between 
the  electron  and  the  surface  of  a  body,  and  also  imparts  a  certain  speed  v  to  the 
electron 


=  tf 


mg* 

2  • 


(V.' 


The  first  member  of  equation  (V.l)  Indicates  the  magnitude  of  minimum  necessary 
energy  which  must  be  given  to  an  electron  in  metal  in  order  to  pull  it  beyond  the 
limits  of  a  substance  with  zero  speed.  Thin  energy  has  obtained  the  name  of 
"work  function",  the  magnitude  of  such  energy  is  constant  for  pure  metals,  oscil¬ 
lating  on  the  average  from  1  to  5  ev  (see  Table  V.4). 

In  this  case  all  the  energy  of  a  photon  is  expended  on  surmounting  the  poten¬ 
tial  barrier,  and  expression  (V.l)  can  be  written  in  the  form 


Av,  =  f?„  (V.2) 

where  vo  Is  threshold  frequency  of  electroinagnetic  radiation,  at  which  electrons 
depart  frtsn  the  surface  of  metal  with  zero  speed. 

Threshold  frequency  vc  corresponds  to  wave  length  Ao,  called  long-wave  or  "red" 
boundary  of  photoeffect: 

1  _ j»236 

“  ’  (V.3) 
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where  Xo  is  in  microns,  and  To  la  in  electronvolta. 


Table 

V.4.  Work 

Function  of  Ce 

rtain  Elements 

Flement 

•’•Electron- 

Element 

*»•  Electron- 

volt 

volt 

Lithixan 

2.49 

Cadmium 

4.1 

Silicon 

4.2 

Antimony 

4.U 

Calcium 

2.26 

Tellurium 

4.76 

Nickel 

5.24 

Cesium 

1.9 

Cermaniw 

4.5 

Tungsten 

4.5 

Selenium 

4.4 

Platinxan 

5.36 

Silver 

4.79 

Bismuth  ' 

4.25 

The  "work  function"  can  be  decreased  and,  consequently,  the  long-wave  boundary 
of  sensitivity  of  photoemiasion  increased  by  "contamination"  of  metal,  i.e.,  by 
means  of  the  adsorption  on  the  surface  of  metal  of  atoms  or  ions  of  a  substance 
with  a  smaller  "work  function".  In  this  case  on  the  surface  of  metal  are  formed 
dipole  layers  with  positive  charges  turned  outward  decreasing  the  magnitude  of  the 
potential  barrier.  Therefore,  all  sensitive  layers  with  photoomission,  which  are 
sensitive  to  visible  and  infrared  radiation,  consist  of  several  components. 

Photoemission  sets  in  practically  instantly  after  the  beginning  of  irradiation 
of  the  surface  of  the  photocell  (time  lag  does  not  exceed  3" 10”^  sec). 

From  the  point  of  view  of  practical  application  in  instruments  of  infrared 
technology,  we  will  be  subsequently  interested  in  the  following  characteristics  of 
photo emission . 

1.  Integral  sensitivity— the  ratio  of  photocurrent  in  the  circuit  of  the 
receiver  to  the  power  of  the  radiant  flxi?  incident  on  receiver.  Integral  sensitivity 
is  expressed  in  microamperes  per  watt  or  in  the  case  of  visible  light  -  in 


microamperes  per  IvBien.  For  counting  it  one  of  the  following  relationships  is 


4  *  >7 VjVi  A  W  4*.  ^  • 


S=  =J*.  =  J* 


(V.4) 


where  /*  is  maxlmnn  value  of  photocurrent, 

«fr  is  incident  radiant  flux, 

2 

S  is  irradiance  of  receiver,  w/cm  , 

9  working  area  of  receiver,  cm^, 

I  is  distance  from  a  source  of  radiation  with  a  known  temperature  to 
receiver,  cm, 

Jm  angular  density  of  radiation,  w/sterad. 

Frequently  integral  sensitivity  of  a  receiver  is  determined  by  the  quantum 
yield  of  its  photosensitive  layer,  under  which  we  understand  the  quantity  of 
electrons  departing  from  a  photosensitive  layer  under  the  effect  of  one  quantum  of 
incident  radiant  flux.  Quantm  yield  of  a  substance  capable  of  photoemission  is 
determined  by  the  totality  of  its  physical  properties.  In  an  ideal  case,  every 
photon  falling  on  the  surface  of  a  photosensitive  layer  can  liberate  one  electron, 
i.e.,  the  theoretical  limit  of  ji^toelectronic  emission  is  quantun  yield  equal  to 
unity.  However,  such  an  output  never  is  attained. 

Part  of  the  energy  of  incident  radiant  flux  cannot  turn  into  energy  of  moving 
electrons,  since  it  either  will  be  reflected  from  the  surface  of  the  photosensitive 
layer  or  will  pass  through  it  without  encountering  an  electron  on  its  way.  But 
even  with  full  absorption  of  photons  by  a  substance,  the  probability  of  output  of 
electrons  from  it  is  small,  since  certain  photons,  while  not  liberating  an  electron 
completely,  will  change  it  into  an  excited  state,  and  othar  photons,  although  they 
will  cr  eate  free  electrons,  the  latter  will  not  emerge  from  the  substance  due  to 
the  loss  of  obtained  energy  as  a  result  of  nonelastic  collisions  with  other  electrons 
or  due  to  transfer  to  its  lattice.  Therefore,  in  the  best  case  the  quantum  yield 
of  photoemission  layers  does  not  exceed  10-205^. 


Flp.  V.5.  Effectiveness  of 
oxygen-ceslvBi  photosensitive 
layer  to  radiacix>n  »rith 
(liffei*ent  tempseraturc . 

KiiT:  (a)  Relative  un.' .  ^ 
Wave  length,  m  . 


la*ip  vfith  different  color  tenpersture 


2.  Spectral  sensitivity  is  the 
dependency  of  sensitivity  of  receiver  on 
wave  length  of  incident  monochromatic 
radiant  flux.  It,  in  the  end,  detenainas 
the  effectiveness  of  the  application  of 
Jjifrared  Instnonents  dvuring  their  Joint 
work  with  soiirces  of  radiation  energy. 

In  Fig.  V. 5  as  an  example  is  deter¬ 
mined  the  effectiveness  of  a  receiver 
with  cesiuB  oxide  sensitive  layer  to 
radiation  of  an  electrical  incandescent 
of  the  filament  of  incandescence. 


3.  The  threshold  of  sensitivity  (threshold  flux)  is  the  minimun  magnitude  of 
radiant  fl\ix  i-i  watts  or  in  lux  for  visible  light,  which  may  be  still  revealed  by 
receiving  device. 

The  threshold  of  sensitivity  cf  the  receiver  is  determined  by  the  level  of 
■rr/.z6s  in  the  circuit  of  the  receiver.  It,  is  determined  basically  by  leakage 
current  and  dsric  current,  appearing  as  a  resi^lt  of  auto-  and  thermionic  emission. 

In  Instrvaents  of  infrared  technology  photoead.sslon  is  sed  in  image  converters 
Slid  photoelet  ^ ronlc  multipliers,  and  also  in  night  transDitting  television  tubes 
''f  he'^htent.i  sensitivity.  In  these  instnasents,  as  phctocathodes ,  are  used  cesium 
o.  ide,  cesium  antiaonide,  biseiuth  silver  cesixat  photosensitive  layers,  and  also, 
developed  :  eccntly,  anil ti-alkali  photocatho<  9S.  Spectral  characteristics  of 
sensitivi w/  of  these  pbotocathodes  are  shown  in  Fig.  V.6. 

The  properties  of  the  first  three  photosensitive  layers  are  considered 
au  ficiently  in  liweruture  [),  2,  3].  Multi-alkali  pljot'.'cathodeu  have  been  de¬ 
veloped  relavively  recently  [4,  5J»  however,  in  a  whole  series  of  properties  they 
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are  of  Interest  as  sensitive  elements  in 


Instninents  of  ni^ht  vission.  These 
properties,  in  the  first  place,  are  the 
high  integral  sensitivitj  of  the  phoU  - 
cathode  and  the  very  small  dark  currents, 
allowing  high  amplification  of  image 


Fig.  V.6.  Spectral  sensitivity  bri^tness  without  cooling  of  the  photo- 

of  certain  photocathodes. 

KEY:  (a)  Relative  sensitivity;  cathode. 

(b)  Wave  length,  ti.  . 


Table  V.5.  Basic  Characteristics  of  Photocathodes  with  Photossiission 


Photocathode 

Wave  length 
of  maxiimaii 
sensitivity, 

M 

Red 

Boundary 

Jo.oi 

Quantm  yield 
for  the  visible 
section  of  the 
snectnm 

Integral 

Sensitivity, 

Microampere/lu 

Ag— 0— Ca 

0.85 

1.4 

0.005 

50 

Sb-Ca 

0.45 

0.65 

0.1 

25 

Sb-Cs  (0) 

0.48 

0.70 

0.2 

90 

Bi-Ag-C-Ca 

0.46 

0.75 

0.1 

90 

Sb-K-Na 

0.4 

1 

0.62 

0.1 

60 

Sb-K-Ka-Cs 

0.4 

0.82 

0.2  1 

j  200 

U .  Receivers  with  Internal  Photoeffect  (Photoresistance' 

A  jhotoresistor  (ITS)  is  a  semiconductor  instnaient  which  changes  internal 
resistance  xuiv.;r  the  effect  of  radiation  energy. 

In  distinction  from  metals  where  atoms  of  crystal  lattices  lose  the  external 
valence  electrons,  in  a  semiconductor  at  low  temperatures  the  malorlty  of  electrons 
are  connected  with  atoais  of  the  lattice.  However,  this  bond  is  not  durable.  While 
participating  in  thermal,  motion,  atoms  are  rocked  about  and  lose  their  valence 
electrons.  Therefore,  during  heating  in  a  semiconductor  the  quantity  is  Increased 
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of  electrons  able  to  carry  cxirrent,  which  is  equivalent  to  a  decreaee  of  its 
electrical  resistance.  This  is  the  first  distinction  of  a  seadconductor  from 
metal  y  for  t^ch  increase  of  resistance  is  characteristic  with  an  increase  of  its 
temperatvure . 

Another  peculiarity  of  a  semiconductor  is  the  fnct  that  in  it  carriers  of 
current  are  not  only  liberated  electrons,  but  also  the  atoms  left  without  external 
valance  electrons,  which  obtain,  due  to  this,  positive  charge  (ions). 

In  order  to  grasp  this  phenomenon,  we  will  turn  to  Fi^.  V.7.  Under  the  effect 
of  applied  potential  difference  to  the  semiconductor  a  photoelectron,  having  left 
the  outer  shell  of  an  outer  atom,  starts  to  move  to  the  positive  electrode.  In 
the  atom  ii^lch  lost  the  electron,  on  the  outer  shell  there  remains  a  free  place 
-  a  "hole".  However,  it  reeialns  empty  only  an  insignificant  time  (lO-^-lO""^  sec). 
Under  the  effect  of  the  electrical  field,  to  it  Ijnnediately  passes  an  electron 
from  a  neighboring  atom.  This  electron,  not  obtaining  full  fi-eedom,  passes  to  another 
atom  while  trying  to  move  to  the  positive  electrode.  Again  the  liberated  place  is 
occupied  by  an  electron  from  an  atom  more  distant  from  the  positive  electrode,  etc. 
Thus,  as  electrons  move  toward  the  positive  electrode,  "holes"  move  toward  the 
negative.  This  is  a  someidiat  simplified  physical  picture  of  the  appearance  of  an 
electrical  current  in  a  eeralconductor  during  its  heating. 

Motion  of  the  bound  electrons  from 
atom  to  atom  in  a  direction  toward  the 
positive  electrode  creates  a  significant 
addition  to  the  current  through  the 
semiconductor.  "Holet$"  shifting  tomrd 
the  negative  electrode  also  create  an 
addition  to  the  electrical  current, 
transferring  a  positive  charge,  equal 

in  absolute  value  to  the  charge  of  the 
electron. 


Fig.  V.7.  Fbrmation  and 
displacement  of  "holes" 
in  a  semiconductor. 


Vx}uality  of  electrons  and  "holes"  can  take  place  only  In  a  case  of  an  absolutely 
intrinsic  semiconductor.  The  presence  of  even  an  Insignificant  quantity  of  impuri¬ 
ties  creates  in  a  semiconductor  either  a  surplus  of  electrons  (n-type  conductivity) 
or  a  surplus  "of  holes"  ft) -type  conductivity).  Since  absolutely  intrinsic  semi¬ 
conductors  in  nat\ire  virtually  do  not  occur,  in  practice  we  usually  deal  with 
photoresistors  having  either  electron  (n  )  or  hole  (p)  conductivity.  Works  of  recent 
years  have  established  that  the  presence  of  impurities  in  a  semiconductor  very 
strongly  increaises  (sometimes  tens  of  millions  of  times)  its  specific  electrical 
conductivity.  In  this  also  lies  one  of  the  distinctions  of  a  semiconductor  from 
metal,  for  which  electrical  conductivity  drops  with  an  increase  of  impurities. 

Introduction  of  impurities  in  a  semiconductor  allows  decreased  width  of 
forbidden  band  SE.  Ijet  us  remember  that  under  the  width  of  the  forbidden  band, 
expressed  In  electronvolts  we  understand  the  sdnimum  magnitude  of  energy  %«hlcn 
must  be  imparted  to  an  electron  so  that  it  may  pass  from  a  bound  state  to  a  free 
state  (in  the  conduction  band),  l/idth  of  the  forbidden  band,  as  also  the  work 
function  in  the  case  of  external  photooffoct,  determines  the  long-wave  boundary 
of  sensitivity  of  the  semiconductor  photo resistance. 


Table  V.6.  Semiconductors  Possessing  Photoconductivity  In  the 
Infrared  Region  of  the  Spectrun  at  t  »  20**C 
(according  to  n?ederlck  and  Blant) 


Compound 


A  B 

Electronvolt 


0.3 

0.65 


Compound 


Mg2Sn 


Pi2S3 

AgpS 


HgTe 

ZnSb 


1.55  Cd3A82 


d  B 

Electronvolt 


In  Table  V.6  are  presented  values  of  >d.dth  of  forbidden  band  and  i.ong“wave 
boundary  of  sensitivity  of  certain  seodconductor  conpounds  possessing  photocon¬ 
ductivity  in  the  infrared  region  of  the  spectnan. 

Subsequently  will  be  considered  only  sane  of  the  photoresistors  shown  in  the 
table  since  others  present  now  only  a  theoretical  interest  for  understanding  the 
{iienoinena  occurring  in  sesiiconductora . 

It  is  necessary  beforehand  to  stipulate  that  in  published  materials  various 
authors  introduce  different  values  of  width  of  forbidden  band  and  long-wave  boundary 
of  sensitivity.  This  is  possible  to  explain  both  by  the  degree  and  character  of 
contamination  of  the  investigated  samples  and  the  accuracy  and  method  of  the  actual 
experiment.  Furthermore,  in  the  majority  of  works  it  is  assimed,  as  in  the  given 
table,  to  characterize  the  long-wave  boundary  of  sensitivity  as  that  wave  length 
wliere  sensitivity  constitutes  50^  of  the  maximun  value.  However,  certain  authors 
hold  the  boundary  to  a  sensitivity  10^  of  maxi  am.  To  facilitate  comparison  of 
different  works  we  will  subsequently  keep  to  the  definition  of  the  red  boundary  of 
sensitivity  as  taken  in  Table  V.6. 

Historically,  photoresistcrs  from  compounds  of  lead:  lead  sulfide,  lead 
tellurlde,  and  lead  selenide  first  found  application  in  instruments  of  infrared 
technology  as  receivers. 

These  conpoiUKls  are  semiconductors  with  electrical  conductivity  of  both 
electron  and  hole  types  and  with  mobility  of  current  carrier  1-50  cni^*8ec*v  for 
polycrystalline  layers,  obtained  by  evaporation.  In  single  crystals  nobility  of 
the  current  carrier  is  significantly  higher  and  constitutes  at  room  temperature 
(290®K)  a  magnitude  of  the  following  order: 

PbS  PbTe  FbSe 

Mobility  of  electrons  640  2,100  1,400  cm^sec'V 

Mobility  of  holes  000  040  1,400  cmVsec'V 
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At  low  temperatures  nobility  of  the  current  carrier  sharply  increases  and 
attains  for  PbS  at  77“K  lO^cm^/sec'V  and  at  20«ir  lO^em^Z-jec -v.  This  ensures  in¬ 
crease  in  sensitivity  of  photoresistors  during  their  coolLig.  Differing  from 
thennal  indicators,  photoi^sistors  have  a  clearly  expressed  maxianan  of  sensitivity 
and  little  time  lag. 

In  spite  of  the  fact  that  in  nature  we  encounter  pure  crystals  of  PbS  -  Galena, 
PbTe  -  Altaite  and  PbSe  -  clostalite,  in  instruments  of  infrared  technology  are 
applied  artificial  photosensitive  layers  of  these  compo’inds. 

Recently  there  have  been  developed  two  methods  of  obtaining  pAwtosensitive 
layers  -  chemical  and  ph^’sical. 

In  the  firrt  case,  the  film  of  the  photosensitive  layer  is  precipitated  from 
solution  in  the  presence  of  an  oxidizer.  These  layers  can  remain  open  in  the  air 
after  covering  by  protective  varnish. 

In  the  second  case  the  sensitive  layer  is  obtained  by  evaporation  in  vacuisn 
with  subsequent  preheating  in  atmosphere  with  small  pr«8r«\ire  of  oxygen  or  direct 
evaporation  in  atmosphere  with  low  pressure  of  oxygen. 

Photosensitive  layers  (thickness  nearly  1  )  of  photoresistors,  obtained  by 

evaporation,  form  a  porous  structure  consisting  of  accianulations  of  small  crystals 
from  0.1  to  1  in  dimension.  Resistance  of  obtained  layers  of  PbS  and  PbSe  at 
room  temperature  is  of  the  order  of  0.5-2  Mohm.  During  cooling  of  layers  their 
resistance  sharply  increases,  attaining  for  PbTe  and  PbSe  values  of  many  megohm 
(for  instance,  for  PbTe  up  to  30-50  Mohm). 

With  the  cooling  of  photosensitive  layers  of  compounds  of  lead  is  connected  one 
more  of  their  properties:  with  increase  of  lepth  of  cooling  the  ma-vlmuBi  of  spsctral 
sensitivity  and  the  long-wave  boundary  are  displaced  in  the  direction  of  longer 
waves  with  a  simultaneous  increase  in  time  lag  of  indicators  (Fig.  V8a  -  c). 

From  the  given  curves  plotted  in  semlli  garlthmlc  stale,  it  is  possible  to  note 
that  with  large  wave  lengths  photoresistor  sensitivity  quickly  decreases. 
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Fig.  V.Sa.  Change  of  spectral 
senBitivlty  of  PbS  during 
cooling, 

KEY:  (a)  Relative  senaitivltyj 
(b)  Wave  length,  M  . 


sensitivity  of  PbTe  during 
cooling. 

KEY:  (a)  Relative  sensitivityj 
(b)  Wave  length,  , 


ir 

I 

f 


Fig.  V.Se.  Change  of  spectral  senuitivlty 
of  PbSe  during  cooling. 

KEY:  (a)  Relative  sensitivity;  (b)  Wave 
length,  n  . 


Mohs  [6],  offering  to  consider  the  red  boxindary  of  sensitivity  as  that  wave 
length  (  ^  ,  5)  xrfiere  it  is  equal  to  505^  of  maxlanan  value,  gives  the  following 
values  of  it  tt  various  temperatures 


Photoresist  or 

Temperature,  ®K 

295  ' 

195 

90 

20 

PbS 

.'.9  a 

3.3  M 

3.8a* 

U.l  M 

PbTe 

3.9  a 

— - 

5.1  A* 

5.9  M 

PbSe 

5.0  A 

— 

7.1  A* 

8.2  M 

108 
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Smith  [24],  publishing  a  great  survey  on  photoresistors  on  the  basis  of 
compovmds  of  lead,  introduces  analogous  data  and,  at  the  same  time, values  of  red 
boundary  during  a  sensitivity  equal  to  1^  of  aaximuBi  value: 


Te 

onperature. 

•K 

1  1  lO  UO  r08  XS  uO  Jr 

295 

90 

20 

PbS 

3.5  A 

4.5  M 

— 

PbTe 

■— 

5.75  M 

— 

PbSe 

7  M 

9.3  u 

10.2  4 

The  integral  sensitivity  of  photoresistors  from  compounds  of  load  also  strongly 
changes  vrith  temperature.  Thus,  for  PbTe  at  room  temperature  it  turns  out  to  be 
immeasurably  small.  As  a  rule,  integral  sensitivity  of  compounds  of  lead  grows 
i.ith  lowering  of  temperature  to  temperature  of  liquid  air,  after  vrtiich  it  remains 
practically  constant  [?].  Lead  sulfide  photoresistors  (in  distinction  from  lead 
telluride  and  lead  selenide)  can  work  even  at  room  temperatu:  as ,  i.c.,  without 
cooling;  however,  their  sensitivity  in  this  case  noticeable  decreases.  It  was 
determined  that  at  room  temperature  photcrosistor  sensitivity  changes  approximately 
with  a  change  of  temperature  by  1®C. 

LimltlTig  sensitivity  of  PbS  is  no  less  than  100  times  higher  than  sensitivity 
of  contemporary  thermoelements.  Minimum  energy  which  can  still  be  detected  by  a 
FbS  photoresistor  near  the  maximum  of  its  sensitivity  with  a  1  cps  passband  has  a 
magnitude  of  the  order  of  10“12  anith  [24]  introduces  a  calc’olation  of  the 
sensitivity  of  uncocled  PbS  to  radiation  with  a  temperature  of  200*C  in  a  1  Gf» 
passband ,  tdiich  turned  out  to  be  equal ,  in  this  case ,  to  <!>«♦  =  iO”^®  w ,  Cooling 
by  solid  carbon  dioxide  increases  sensitivity  and  allows  the  recording  of  radiation 
with  X.  -  2.2  H  with  a  power  of  4*10“'‘'  w/cps.  Measurements  wore  made  with  a 
modulation  frequency  of  radiant  flux  of  000  cps. 


^•The  Russian  subscript  ‘n  »'  indicates  passband. — Ed. 


Photoresistors  from  PbTe  durijig  deep  cooling  have  a  lijoiting  sensitivity  also 
in  100  and  more  tines  better  than  eontenporary  themoelements  [6].  Consequently, 
it  is  possible  to  expect  t!iat  miniJinaD  quantity  of  nonochranatlc  radiation  at 
naxinum  sensitivity  of  PbTe  will  constitute  IC'^^-IO'^  w  with  a  1  cps  passband. 

A  photoresistor  from  PbSe  at  the  tenperatun  of  liquid  air  has  an  Integral 
sensitivity  sostewhat  less  than  the  best  PbTe  but  exceeds  by  6-10  tines  the  sms*- 
tivlty  of  the  best  contemporary  thermo  indicators,  l.e.,  it  should  be  equal  to 
3*10~^^  w.  In  distinction  frcn  PbTe,  PbSe  has  noticeable  sensitivity  at  room 
temperature . 

Mohs  [6]  introduces  calculated  data  of  the  sensitivity  threshold  of  photo- 
resistors  from  PbS  and  PbTe,  presented  in  Table  V.7. 


Table  V.7.  Calexilated  Data  of  Liaiting  Sensitivity  of 
Photoresistors  from  PbS  and  FbTe 


Type  of  Photo- 
resistor 

1  ' 

T,  •K 

q, 

X  M 

radiation* 

♦n 

PbS 

273 

1 

— 

5.10-U 

PbS 

90 

1 

— 

O.B'IO"^ 

PbS 

293 

10 

2.2 

2*10"^ 

PbS 

90 

10 

2.2 

4*10"^^ 

PbTe 

90 

1 

k 

5- 10"^- 

The  given  table  shows  that  when  registering  radiation  with  a  wave  length  near 
4  ^  ,  to  which  lead  sulfide  photoresistors  become  little  sensitive ,  the  advantages 
of  photoreslotors  from  lead  telluride  sharply  increase. 

These  advantages  are  graphically  shown  in  Table  V.8,  where  data  are  presented 
on  the  effectiveness  of  the  xise  of  radiation  of  an  Ideal  black  body  heated  to 
different  temperatures  by  lead  sulfide,  lead  selenlde,  and  lead  telluride  layers. 
Eig,  also,  illustjr^^s^  the  dependwcy  of  *  '* 

8\ilflde  photoresistors  on  the  tamjwrature  of  the  ideal  black  body. 


sensitivity  of  indiisn  antij!!onids  is  very  a&all  for  its  wide  use  in  instnxnents  of 
infrared  technology. 

Cooling  of  indiian  antinonide  displaces  the  maxijmn  of  sensitivity  and  long-wave 
boundary  io.  5  in  the  direction  of  shorter  waves  with  speed  l.?*!©”^  ev/degree, 
which  it  is  possible  to  trace  on  curves  in  Pig.  V.ll. 

Various  authors  give  different  magnitudes  of  long-wave  boundary  of  sensitivity 
of  indium  antimonide,  however,  a  majority  of  them  estimate  the  threshold  of  sensi¬ 
tivity  for  radiation  with  wave  length  k  m  and  with  cooling  of  photosensitive  layer 
to  90-77®K  as  a  magnitude  of  the  order  of  10“^^-5  *  10“^^  w/cm^.  It,  is  necessary  to 
asstaie  that  divergence  in  appraisal  of  long-wave  boundary  of  sensitivity  of  single 
crystals  of  indium  antimonide  depends  on  cleanness  of  materials  and  the  method  of 
its  determination.  Since  research  of  properties  of  photoconductivity  was  carried 
out  with  comparativelv  pure  single  cr3r8tal8  of  indium  antimonide  obtained  in 
laboratory  conditions,  in  industrial  scales,  idiere  obtaining  of  very  pure  samples 
is  hampered,  photoroslstors  from  indltn  antlisonide  can  have  paraaieters  differing 


from  those  shown  in  Table  V.IO.  This  in  some  measure  explains  paraoMters  of 
industrial  ph^  oresistors  of  indlimi  antimonide  (Table  V.ll)  published  in  the  press 


of  the  United  States  [9]. 


Fig.  V.ll.  Spectral  sensitivity 
of  InSb  at  various  taraperatures . 
KRY:  (a)  Relative  sensitivity,  %; 
(b)  Wave  length,  ^  . 


Of  great  interest,  along  with  Indium 
antimonide  is  gennaniwi,  which  also  allows 
\i8  to  carry  out  different  methods  of 
registering  infrared  radiation. 

Pure  gexnaaniimi  is  a  gray  substance, 
85«iiilar  to  metal  and  having  metallic 
brightness.  From  a  smooth  swface  is 
reflsctsd  nsarly  50%  of  rlsibls  light. 


In  infrared  region  of  the  spectman 
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rable  V.8,  Rffectiveness  of  Different  Types  of  Photoresistors 
to  Radiation  of  an  Ideal  Black  Body  (AChT) 

Effectiveness,  % 


Op 

'ACHT  ^ 

PbS,  293 *K 

PbTe,  90 "K 

PbSe,  90‘»K 

300 

3.5 

25 

48 

150 

0.26 

1 

6 

26 

50 

0.01 

2 

11 

20 

0,004 

1 

7 

0 

0.001 

0.6 

5 

In  the  latter  case  calculation  was 
carried  out  by  the  fomxilas; 


vrtjere 


=  P  c* 


(V.5  ) 


#  iw  m  m  w  m  ttt 

\bj  Jumtpamypa  wfneto  mt//a,  e 

Fig.  V.9.  Change  of  the  integral 
sensitivity  of  PbS  with  change  in 
temperature  of  the  black  body. 

KEY:  (a)  Values  of  coefficient; 

(b)  Temperature  of  black  body. 


is  spectral  density  cf  radiation 
of  an  ideal  black  body  with  a 
temperature  of  300 ®C  and  t®C. 
is  spectral  sensitivity  of  photo- 
resistor. 

When  registering  modulated  radiant 
flux  the  time  lag  of  the  photoresistor 
is  large,  which  is  assumed  to  be  char¬ 


acterized  either  by  the  frequency- i*esponse  curve  (i.e.^  dependency  of  output 
signal  removed  from  the  jiiotoresistor,  on  modulation  frequency  of  incident  radiant 
fliix),  or  the  time  constant  of  the  photo resistor,  characterizing  the  time  during 
which  the  signal  receives  a  value,  equal  to  50,  63,  and  90^  of  its  maximum  value. 
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Above  it  has  already  been  noted  that  the  constant  of  the  photoresistor  is 
significantly  lower  than  for  thensal  receivers  of  radiation  energy.  Thvis,  the 
time  constant  of  PbS,  having  a  temperature  of  293*K,  oscillates  from  10  to  10  ^  sec, 
and  for  PbTe  and  PbSe  is  less  than  10~^  sec. 

Depending  uopn  the  method  of  obtaining  the  photosensitive  layers,  time  constant 
To.  5  can  take,  for  PbS  photoresistors,  a  value  from  1-2  to  several  hundred  micro¬ 
seconds  with  a  physical  method  and  from  several  hundreds  of  microseconds  to  1 
millisecond  with  a  chemical  method  of  obtaining  the  layer. 

For  these  photoreslstors  there  exists  a  sharp  dependency  of  magnitude  of  time 
constant  on  temperature.  When  cooling  by  solid  carbon  dioxide  or  liquid  air  the 
time  constant  can  attain  the  value  of  10  sec.  Above  200°K  the  time  constant  fast 
decreases  with  Increase  of  temperatuz*e  (in  the  first  approximation  by  exponential 
law). 

Significantly  less  are  ineHlal  photoresistors  of  PbTe  and  PbSe.  Thus,  the 
time  constant  of  PbTe  equal  to  5  microseconds,  and  for  PbSe  0.5-1. 5  microsecond, 
not  decreasing  essentially  down  to  deep  cooling.  This  makes  it  possible  to  carry 
out  with  their  help  the  registration  of  radiant  flux,  modulated  with  a  frequency 
to  20  kilocycle,  without  noticeable  decrease  of  output  signal. 

Photoreslstorv  from  compounds  of  lead  have  found  wide  application  in  instruments 
of  infrared  technology  as  sensitive  elements  of  systems  of  fire  control,  homing 
guidance  systems  of  rockets,  and  their  noncontact  explodixig,  and  in  reco— lalsance 
apparatus.  They  have  more  than  doubled  their  sensitivity  since  the  Second  World 
War.  Based  on  published  material  photoreslstors  produced  ccmnercially  in  the  USA 
have  the  parameters  shown  in  Table  V.9. 


Table  V.9.  Parameters  of  Film  Photoreslstors  for  Instrtnnents 

of  Infrared  Technology 


Type  of 
F^toreslstor 

1  maximuttf 
u 

T,  »K 

q,  cm^ 

"w/cm^ 

r,  u  see 

PbS 

2.2 

290 

0.25 

2* 10"^^ 

40 

PbTe 

4 

90 

0.04 

2.10-10 

10 

PbSe 

4 

77 

— 

10"9 

10 
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Despite  advances  in  the  creation  of  photoresistors  of  high-sensitivity  and 
quick  response  on  the  basis  of  lead  compounds,  beginning  approximately  in  1952 
particular  attention  was  given  to  the  study  of  semiconductor  compounds  formed  from 
elements  of  the  II,  III,  and  V  groups  of  the  periodic  system  and  also  germanium. 
Interest  toward  it  was  catised  by  the  fact  that,  in  distinction  from  compounds  of 
lead,  the  technology  for  obtaining  such  photoresistors  is  simpler,  and  they 
successfully  compete  with  lead  compounds  in  relation  to  the  long-wave  boundary  of 
sensitivity,  time  lag,  and  magnitude  of  proper  noises. 

Of  these  compounds  as  indicators  of  Infrared  radiation,  the  most  t^idely  used 
is  antlnonous  indium  (indium  antlmonide)  InSb,  possessing  photoconductivity  in  film 
samples  and  single  crystals,  photovoltaic  effect,  photomagnetlc ,  and  lateral 
effect.  A  characteristic  peculiarity  of  indium  antlmonide  when  using  it  as  an 
indicator  of  infrared  rays  is  its  very  little  proper  noise  (to  10~®  v),  which  allows 
us  during  corresponding  selection  of  amplifying  diagram  to  ensure  registration  of 
very  small  radiant  fluxes. 

Time  constant  for  InSb  at  room  temperature  and  at  deep  cooling  is  very  small 
(to  10””^  sec).  It  was  establisheo  experimentally  that  dxiring  cooling  of  InSb  by 
liquid  air,  the  time  after  which  output  signal  attains  63%  of  its  maximum  magnitude 
constitutes  approximately  0.8  microseconds.  At  room  temperature  time  constant  of 
photoconductivity  could  not  be  measured. 

Spectral  spread  of  sensitivity  of 
I^toreslstors  of  InSb  at  room  temperatuio 
(Fig,  V.IO)  shows  that  it  has  the  biggest 
red  boundary  of  sensitivity  of  all  the 
known  uncooled  photoresistors  Xo,5  =  7.5- 
-7.75  M  ,  which  corresponds  to  width  of 
forbidden  band  0.16  ev.  However,  according 
to  research,  in  these  conditions  Integral 


Fig.  V.IO.  Spectral  sensitivity 
of  InSb  at  t  «  20»C. 

KEY:  (a)  Sensitivity;  (b)  Wave 
length,  4 


reflectivity  decreases.  Resistance  of  pure  ^emuuiiun  is  U7  ofwctn,  width  of 
forbidden  band  at  0*K  is  0.75  ev.  Geraaniian  is  very  stable  chemically. 


Table  V.IO.  Basic  Parameters  of  Photorosistors  of  InSb  According  to  [lO] 


a>  ,  watts 

n 

^  maxijmsn* 

M 

^  0.5" 

M 

Sensitivity, 

v/w 

90 

2.08 

2.6-10"^ 

5.6 

5.85 

1300 

195 

i.e 

7*10"^^ 

5.6 

6 

400 

249 

0.49 

4.10-10 

6.2 

6.85 

30 

292 

0.12  1 

7.10-10 

6.7 

j 

7.2 

1 

As  an  indicator  of  infrared  rays  gemanim  nay  -e  used  as  a  jiiotoresistor, 
photodiode,  and  as  an  element  changing  its  dielectric  constant  during  its  irradiation 
by  infrared  radiation. 


Table  V.U.  Parameters  of  Industrial  Pho tores istors  of  InSb, 
Released  in  the  (hiited  States  in  1958 


Type  of 
Photo¬ 
resistors 

^maximum* 

u 

T,  "K 

q,  cm 

T 

n  sec 

Sensitivity  to 
Radiation  with^ 

X*=  4  ,  w/cm^ 

InSb 

4 

90 

0.014 

1 

3.6-10-9 

InSb 

4 

77 

0.001 

1 

1-10“® 

As  a  piiotoresistor  pure  germanium  may  be  used  only  at  a  temperatiu's  of  liquid 
nitrogen,  since  at  higher  temperatures  it  has  very  large  dark  c  rents.  For  the 
purpose  of  increasing  the  pxiotoconductivity  of  germanium  and  ejqMnding  the  boundaries 
of  spectral  sensitivity  it  is  artificially  alloyed  by  the  introduction  of  atoms  of 
gold,  antimony,  and  zinc.  The  most  widely  used  as  a  photoresistor  is  germanium 
alloyed  with  gold.  Solubility  of  gold  in  germanium  constitutes  approximately  10^^ 
atoms  per  1  cnP  basis  of  gormanium  of  th«  electron  oUid  hole  type,  alloyed 


with  gold,  hi>?hly  sensitive  piwtoresistors  were  crested  sensitive  in  a  region  up 
to  10  M  with  its  cooling  by  liquid  nitrogen. 

In  Table  V.12  are  given  data  of  industrial  samples  of  g  rmaniuni  photoresistoi 
alloyea  with  gold.  In  the  same  place  are  given  computed  values  of  sensitivity. 


Table  7.12.  Basic  Parameters  of  Industrial  Samples  of  Germanium 
Photoresistors  Allojrsd  with  Gold  C9] 


Type  of 
Photo- 

resistor 

^  maximum* 

T,  "K 

q,  cm^ 

T 

M  sec 

Threshold  of 
Sensitivity  to 
Radiation  ,  o 

X  *  4  M  ,  w/cm 

P 

4 

77 

0.04 

X 

1-10"9 

P 

4 

77 

0.12 

0.1 

4.4.10-10* 

n 

4 

90 

0.16 

20 

1.6.10-10 

n 

4 

90 

0.16 

20 

3.8*10-13* 

NOTE.  Computed  values  of  sensitivities  are  marked  by  sign  *. 


In  literature  there  is  also  reported  the  development  of  a  large  qioantity  of 
germanium  photoresistors  for  the  detection  of  comparatively  low-temperature  target 
According  to  literature  [11]  Westinghouye  has  developed  germanium  p-type  photo¬ 
resistors  alloyed  with  gold  for  wc'*:  ir,  the  region  of  1-iO  n  with  its  cooling  by 
liquid  nitrogen.  The  pho tores is tors  have  a  threshold  of  sensitivity  (equivalent 
power  of  noise)  5*10“^^ w  at  78®K  and  1.6*10”^^  w  at  bO^K.  Time  constant  is  less 
than  0.2  microseconds.  It  is  indicated  that  PbSe  in  these  conditions  has  comparab 
sensitivity  in  a  wave  range  of  2-5  M  with  a  time  constant  of  30  microseconds. 

Spectral  sensitivity  of  germanium  photoresistors  is  shown  in  Fig.  7.12. 

Concerning  germanium  photoresistors  alloyed  by  zinc  and  working  at  a  temperati 
of  liquid  helium  of  type  536-lZIP,  it  is  reported  that  their  sensitivity  spreads 
to  40  M  with  a  time  constant  of  0.01  microseconds  [12].  Photosensitive  layer  has 
dimensions  2X2  nan.  Threshold  of  sensitivity  to  radiation  of  a  black  body  with 
T  =»  500°K  is  characterized  by  equivalent  power  of  noises  4*10“^  w  with  a.  1  cps 


e 


fas^bar  1  c  n !  a  modu'ar. ion  frequency  of  radiant  flux  of  8f)C  cpa. 

It  is  inaicated  also  [13]  that  on  a  base  of  germanium  photoresist alloyed 
by  antimony  and  working  a.,  a  temperature  of  liquid  helium  they  managed  to  create 
a  laboratory  installation  for  registering  radiations  in  a  wave  range  of  55-100  M 
during  time  constant  10“^  sec. 

In  conclusion  one  should  note  one  more  property  of  germanium  photoresistors, 
which  allowed  the  construction  of  a  highly  sensitive  radiotechnical  device  for 
registering  energy  of  infrared  radiation  [14,  15].  This  device  (Fig.  V.I3)  is  a 
crystal  of  germanium  alloyed  with  gold,  excited  at  normal  temperature  by  a  field 
of  suj  er-high  frequency. 

The  crystal  of  germanium  is  placed  inside  a  cavity  resonator  with  sharp  ad¬ 
justment.  When  infrared  radiation  hits  it,  there  occurs  a  change  of  the  complex 

dielectric  constant  of  germanium  and  a  detuning  of  the  resonator. 

An  indicator  constitutes  a  waveguide 

tee,  one  of  the  arms  of  which  is  loaded 
by  two  identical  resonators  and  germanium 
crystals  suspended  inside  them.  The 
seco.nd  arm  serves  for  a  supply  of  shf 
energy  from  the  power  supply.  The 
signals  reflected  from  the  resonators  are 
added  in  the  third  output  arm  with  a 
phase  difference  of  180“.  If  reflected 
signals  have  identical  amplitude,  then 
on  output  there  is  no  signal.  If,  however, 
one  of  the  crystals  is  irradiated  by 
infrared  rays,  then  equality  of  am  ^litudes  and  phase  relationship  will  be  disturbed 
and  on  output  there  will  appear  a  noticeable  signal. 


Pig.  V,12.  Spectral  sensitivity 
of  gennanitim  photoresistor  alloyed 
by  different  alloys. 

KEY:  (a)  Sensitivity  in  relative 
units;  (b)  Wave  length,  M  . 
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Pig.  V.I3.  Oiagram  of  a  gemanlum  Indicator 
of  infrared  rays  in  waveguide. 

KEY;  (a)  Output;  (b)  Input;  (c)  Holes;  (d) 
Germanixan;  (e)  Lens  for  infrared  rays;  (f) 
Infrared  rays. 


5.  Receivers  with  Photovoltaic  Effect  (Rectifying  Receivers) 


Transformation  of  radiation  energy  to  electrical  with  the  help  of  photo~ 
sensitive  layers  can  be  carried  out,  using  rectifying,  or,  as  it  is  sometimes 
called,  photovoltaic  effect.  In  essence  it  consists  of  the  fact  that  at  contact 
of  semiconductor  and  metal  there  will  be  formed  a  thin  intermediate  layer  with 
one-sided  conductivity  (barrier  layer).  During  irradiation  of  such  a  receiver 
by  radiant  flux  the  cxirrent  carrier  can  shift  in  only  one  direction;  for  insteuice, 
from  semiconductor  to  metal,  creating  between  them  potential  difference  and  current 
in  the  external  circuit. 

Rectifying  receivers,  as  compared  to  photoemission  layers,  possess  significant 
integral  sensitivity  vdiich  is  possible  to  see  from  Table  V.I3. 

However,  rectifying  receivers  have  not  found  wide  application  in  instruments 
of  infrared  technology  because  of  high  time  lag,  nonlinearity  of  light  characteristic 
with  Increase  of  load  and  comparatively  small  operating  wave  range  0.5**!. 4  n  . 

In  postwar  years,  becoming  widely  applied,  have  been  new  photoelectric  radiation 
receivers  -  photodiodes  (FD),  phototriodes  (FT),  xdiose  principle  of  action  is 
similar  to  the  bairriei>-layor  effect. 
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Table  V.lj).  Integral  Sensitivi^^/  of  Receivers  to  a  .Source  with 


Temperature  =  26^0*K 

Receiver 

S,  microampere/lumen 

With  photoemission 

150-200 

Silver  sulfide  rectifying 

3,000-8,700 

Thallium  sulfide  rectifying 

to  llOOC 

Photodiodes,  as  compared  to  earlier  developed  rectifying  receivers,  profitably 
differ  both  in  their  spectral  and  integral  sensitivity  and  in  their  small  time  lag, 
high  efficiency,  and  stability  of  parameters  in  time. 

At  present,  the  roost  widely  used  are  germanium  photodiodes  of  three  types  ~ 
with  point  contact,  with  n-p  junction  and  multipliers  (phototriodes  )  with  n-p-n 
Junction,  whose  diagram  of  arrangement  is  shown  in  Fig.  V,14. 

These  photodiodes  can  be  included 
in  circuits  for  registering  radiant 
ilux  in  two  conditions,  consecutively 
with,  as  a  source  of  direct  current, 
voltage  from  several  vo.  ts  to  80-100  v 
(photodiode  conditions)  and  without  a 
source  of  current  (rectifying  method). 

In  the  first  case  there  is  attained  a 
significantly  large  sensitivity  of  receiver. 

A  point  photodiode  constitutes  a  lamina  of  a  single  crystal  of  germaniuip.  with 
electron  conductivity  (n-type)  with  deepening  on  the  intexTial  side.  In  this  place 
to  the  germanium  is  connected  a  collector  -  a  metallic  electrode  from  resiling 
tungsten  wire.  During  irradiation  of  external  surface  of  the  genaanitan  plate,  on 
the  point  of  the  collector  will  be  formed  a  region  near]y  1  nm  in  diameter  with 
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Fig.  V.l/*..  Diagram  of  arrangement 
of  germanium  photodiodes  1,  2  and 
phototriode-multiplier  3- 
KEY:  (a)  Light;  (b)  Collector; 

(c)  Basic  electrode;  (d)  Collector 
Junction. 


-type  conductivity,  in  which  ia  craatea  a  Jvmction  of  type  n-p,  deteminirg  a 
^unction  in  the  barrier  layer.  Zign  of  diaplacement  in  thia  caae  ccrreaponda  to 
the  barrier  direction,  i.e.,  from  the  aemiconductor  to  the  metal. 

In  conatruction ,  point  photodiodea 
are  made  in  the  fora  of  a  cylindrical 


cartridge  5-6  nn  in  diameter  and  10-12  nrni 
in  length.  Plate  of  germanivan  with  point 

Fig.  V.15.  Point 

photodiode  with  contact  ia  atrengthened  with  heat-  and 

drop  of  indium. 

KEY;  (a)  An  n-p  noiature-reaiatant  reaina  for  one  of  the 

Junction. 


face  sidea  of  the  cartridge,  which  ia  the 
receiving  aide  of  the  photodiode.  On  the  other  aide  of  the  cartridge  emergee  the 
collector  lead. 

Recently  becoming  wi  ily  uaed  have  been  point-contact  photodiodee,  for  which, 
instead  of  a  tungsten  collector,  a  drop  (welded  with  it)  of  a  single  crystal  of 
anothe’.*  subatanca  with  p  -type  conductivity,  for  instance  indivan  contacts  n  -type 
germanium.  Construction  of  such  a  photodiode  ia  shown  in  Pig.  V,15.  In  thia  case, 
due  to  heightened  mobility  and  concentration  cf  holes,  for  indivnn  there  is  created 
a  more  effective  intermediate  layer  with  an  n-p  Junction,  which  allows,  aigni- 
flcantly,  an  Increase  in  the  sensitivity  of  point  photodiodes. 

Germanlxan  plane  photodiodes  %rlth  n-p  and  n-p-n  Junctions  are  prepared  from 
rectangular  plates  of  a  single  crystal  of  gernanlun  wi:^h  various  signs  of  conductivity. 
Dimension  of  plates  are  of  the  order  of  1  X  1  X  3.5  nn.  In  a  photodiode  with 
n-p-n  Junctions,  both  Junctions  are  disposed  at  a  distance  near  0.05  nm. 

With  n-p  Junctions  the  sign  of  displacement  corresponds  to  the  reverse 


direction  (an  element  with  n-type  conductivity  is  positive). 


With  n-p-n  Junctions,  to  one  of  the  Junctions  moves  voltage  in  the  barrier 
reverse  direction,  to  the  other  -  small  voltage  in  a  straight  direction. 

Sensitivity  of  all  three  types  of  photodiodes  depends  on  the  place  the  radiant 
flux  hits  the  surface  of  germaniun. 
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The  biggest  effectiveness  is  attained  vdien  radiant  flux  hits  within  Hjnits  of 
several  tenths  of  a  iniiliineter  from  Junction.  Germanium  photodiodes  have  ssiall 
dimensions.  Thus,  for  the  considered  French  photodiode,  for  which  length  of  plane 
Junction  constitutes  2.6  nin  the  "effective  area*'  will  be  equal  to  1.05  mn^. 

Dark  current  at  room  temperature  (■+-20®C)  for  germanium  photodiodes  in  photo¬ 
diode  conditions  constitutes  a  magnitude  within  limits  of  3-10  microampere,  being 
increased  with  a  1“C  Increase  of  temperature  by  2-3JJ  for  point  contact  photodiodes 
and  by  10^  for  plane. 

Spectral  sensitivity  of  gerraaniian  photodiode  spreads  up  to  l.S-2  at 

Such  distribution  of  sensitivity 
will  agree  well  with  works  of  Shive  [17] 
and  Hoss  [18],  measuring  quantum  yield 
of  a  germanivm  photodiode  with  a  n-p 
Junction. 

In  distinction  from  old  rectifying 
rcceiv::..*s,  germanium  photodiodes  possess 
very  in5ignific€uit  time  lag.  In  Fig. 

V.17  is  given  the  frequency-response 
curve  of  the  French  photodiode,  from  which  it  is  clear  that  up  to  ICA  cps  the 
photodiode  is  virtually  without  time  lag,  and  only  at  a  frequency  of  75  kilocycles 
the  value  of  sensitivity  decreases  to  half,  as  compared  to  conditions  of  constant 
irradiation. 

Volt-ampere  characteristics  of  germanium  photodiodes  depend  on  their  type. 

Thus,  for  a  point-contact  photodiode  rectilinearity  of  volt -ampere  characteristics, 
with  an  increase  in  intensity  of  irradiation,  is  disturbed.  In  distinction  from 
point-contact  plane  photodiodes  have  volt-ampere  char icteristics  with  good  linearity 
at  small  magnitude  of  saturation  voltage  (1.5-4. 5  c),  and  their  parallelism  is  de¬ 
termined  by  proportionality  of  current  and  magnitude  of  radiant  flux. 


maximum  near  1.5  m  (Fig.  V.16). 


Fig.  V.16.  Spectral  sensitivity 
of  a  germanium  photodiode. 

KEY:  (a)  Absolute  sensitivity, 
amp/w;  (b)  Wave  length,  a  . 


Fig.  V.17.  Frequency-response 
curve  of  a  germanlvim  photodiode. 
KEYr  (a)  Weakening  of  signal  in 
relative  tinits;  (b)  Weakening, 
db;  (c)  Frequency  of  modulation 
of  radiant  flux,  cpa. 


these  photodiodes,  however,  require  for 

75-77  K. 


Shive  [17]  presents  the  i'oi  lowing 
basic  parameters  of  gemaniixm  photo¬ 
diodes  (Table  V.^4). 

On  the  basis  of  new  semiconductor 
compounds  boundaries  of  sensitivity  of 
contemporary  photodiodes  were  expanded. 
At  present  photodiodes  are  developed  on 
a  base  of  InSb  and  InAs.  In  Fig.  V.16 
are  given  spectral  characteristics  of 
sensitivity  of  theee  photodiodes.  Pos¬ 
sessing  high  sensitivity  in  a  wider 
wavelength  range  with  small  time  lag, 
their  work  cooling  to  a  temperature  of 


Table  V.,14.  Magnitude  of  Basic  Parameters  of  Gennaniimi 

Photodiodes 


Type 

Current 

Temperature 
Coefficient 
of  Dark 
Current,  % 

Resistance, 

ohm 

Sensitivity, 

amp/lu 

Point- 

contact 

1-2  ma 

2-3 

20,000 

0.1 

n-F 

1-10 

10 

lO^ 

0.03 

n-p-n 

20-40  Ma 

1 

10 

105 

3-10 

In  the  press  there  have  been  pablished  cejrtain  parazaeters  of  a  photodiode 
from  indium  antlmonlde  (calculated  and  experimental),  on  the  basis  of  which  Table 
V.15  is  composed.  In  the  table  values  of  the  threshold  of  sensitivity  of  a  photo¬ 
diode  are  given  for  radiation  with  wave  length  4  n  . 


Fig.  V.lSa,  Spectral 
sensitivity  of  a  photo¬ 
diode  from  InSb. 

KEf:  (a)  Photo-emf  on 
( p-n)  junction,  (b) 
Vfave  length, 


Fig.  V.lSb.  Spectral  Bensitivity 
c  photodiode  from  TnAs. 

Kc,Y!  (a)  Photoeffect,  %;  (b) 

Wave  length,  m  . 


Table  V.15.  Parameters  of  a  Photodiode  fiom  Antimonous 

Indim  [9] 


A  M 

maximum’ 

Temperature  of 
Photosensitive 
Layer,  *K 

Area  of 
Photo¬ 
sensitive 
Layer,  car 

^Timi  ” 

Constant , 
Microsecond 

Threshold 
of  Sens!- 

4 

77 

0.01 

2 

1.1*10"® 

4 

77 

0.01 

2 

1.1*10“^ 

NOTE.  Computed  values  of  sensitivities  are  marked  by  sign  ♦. 


6.  Receivers  with  Lateral  Photoeffect 

As  was  noted  in  Section  5,  during  illumination  of  a  semiconductor  Junction  of 
germanium  photodiode  n-p  between  tvro  sides  of  this  Junction  there  appears  photo¬ 
electromotive  force.  Further  research  of  p^jotoclectric  effect  in  germanium 
photodiodes  brought  to  detection  the  so-called  lateral  photoeffect  during  nonuniform 
illumination  of  the  site  of  the  receiver  i20,  21]. 

Essence  of  lateral  photoeffect  consists  in  the  appearance  of  additional  photo- 
electr<anotive  force,  parallel  to  the  Junction,  and  in  the  addition  of  it  to  the 
photo-electromotive  force  appearing  between  the  two  sides  of  the  Junction  if  the 
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radiant  fliix  gets  on  the  sensitive  site  not  symnetricaily  to  the  axis  of  the  photo¬ 
cell.  The  diagram  of  such  interaction  is  shown  in  Pig.  7,19.  If  one  irradiates 

a  gensanlvni  photodiode  by  a  light  spot 
(in  dimensions  smaller  than  the  dimensions 
of  the  sensitive  surface)  symmetrically 
to  its  axis,  then  voltmeter  wia.1  show 
the  presence  of  voltage  between  p-n 

Fig.  7.19.  Diagram  of  the 

formation  of  lateral  junction  of  the  photodiode.  If  one  were 

(longitudinal)  photoeffect 

for  a  photodiode.  diaplace  the  light  spot  to  any 

KEY:  (a)  Light;  (b)  Type. 

side  relative  to  a  central  point  (axis 

of  the  receiver).  Then  voltmeter  V2  connected  to  any  two  points  lying  on  the 
storface  of  the  gennaniim  layer  will  show  voltage  between  these  points.  The  lowest 
potential  is  at  point  of  Incidence  of  light  and  is  increased  when  moved  from  center 
to  edges  of  receiver. 

For  use  of  only  lateral  photoeffect  a  receiver  (germanium  plate  with  fused 
drop  of  indixsn)  is  supplied  with  two  base  contacts  for  removal  of  lateral  photo- 
electromotive  force,  which  are  located  symmetrically  relative  to  the  center  of  the 
sensitive  surface.  Necessity  in  contact  with  indiim  drop  falls  off  since  longitudinal 
photo-electromotive  force  in  this  case  is  not  measured,  and  indium,  so  to  speak, 
can  be  left  electrically  floating. 

I'/lth  such  construction  of  a  photodiode  the  sign  of  lateral  photo-electromotive 
force  will  change  from  positive  to  negative  value  depending  upon  position  of  light 
spot  on  the  surface  with  respect  to  axis  of  symmetry  of  photocell.  Consequently, 
point  source  of  light,  image  of  which  is  projected  through  objective  on  the  receiver, 
wiXl  a  signal  which  will  change  depending  upon  the  angle  between  direction 

to  soiirce  of  light  and  axis  of  synmetry  of  the  "receiver  -  objective"  system,  i.e., 
the  receiver  can  measure  direction  to  source  of  light  by  null  method,  possessing 
high  accuracy.  During  change  of  direction  to  source  of  light,  polarity  of  signal 
changes  also. 


Ca)  BaMit/t  KtMwtaMmu 


L  (b) 


ft- nun  (c) 


In  literature  is  described  the 
foiloiring  construction  of  a  photocell 
*rt.th  lateral  photoeffect  vPlg.  V.20a). 

A  germanium  plate  0.0127  cm  thick 
(0.005  inch)  and  0.635  cm^  (0.25  square 
inch)  in  area  had  specific  resistance 
1-2  ohm/ca.  An  indixan  drop  0.114  cm  in 
diameter  (0.045  inch)  was  fused  to 
gennaniuin  0.003  cm  deep  (0.002  inch)  and 
had  0.001  ohm/cm  specific  resistance  of 
junction.  Two  base  contacts  were  disposed 
syninetrically . 

If  a  ray  of  light  drops  in  the  center  of  the  sensitive  siu*face  above  the  indium 
point,  then  on  the  contacts  are  established  two  eqxud  in  magnitude  voltages  so 
that  the  voltage  between  the  base  contacts  will  be  equal  to  zero  (Pig.  V.20b). 

If  light  point  shifts  from  center,  then  total  output  voltage  may  be  calculated 
by  the  formula  {/„,  =  ^  ^  4.  J_  '2l  -  jt.)  = 


Fig.  7.20a.  Construction  of  a 
photodiode  with  lateral  photo¬ 
effect  . 

KEY:  (a)  Ease  contacts;  (b) 
Inches;  (c)  Type. 


=2-5-/(/-x.). 


(7.6)* 


where  P  is  resistance, 

g  is  area  of  sensitive  element, 

2/  is  distance  between  base  contacts, 
is  current  coordinate  of  light  spot. 

WTien  light  point  is  in  position  A,  total  base  voltage,  which  is  the  dii’ference 
in  voltage  between  light  point  and  left  and  right  ends  of  receiver,  will  attain 
its  maximum  value  (for  the  shown  receiver  Umux  =1.5  millivolt).  When  light  point 
moves  in  the  direction  of  position  C,  output  voltage  will  start  to  decrease,  will 
pass  throTJgh  zero,  and  polarity  will  change,  attaining  maxiiman  value  at  point  C. 


♦Russian  subscript  "BbLx"  indicates  "output ".—Eld. 


Resultant  ciirve  of  change  of  output 
voltage  in  the  operating  sections  vdll  be 


m 

HI 

■i 

QP 

ai 

un 

rectilinear.  On  boundaries  of  the 
operating  section  of  the  receiver,  in 
direct  proxiAity  to  base  contacts,  the 
curve  has  a  sharp  drop  due  to  loss  of 
sensitivitj  on  boundaries  of  fusing  of 
the  indiisn  drop. 

With  the  help  of  such  a  receiver 

Fig.  V.20b.  Dependency  of  photo-  can  be  obtained  two  coordinates,  if  one 

electromotive  force  on  position 

of  light  spot  on  sensitive  surface.  were  to  introduce  a  second  pair  of  base 
KEY:  (a)  Output  signal,  miHivolt; 

(b)  In  milli-inches .  contacts,  perpendicularly  to  the  first. 

In  such  an  element  deflection  of  a  light 
ray  from  the  center  will  be  determined  by  a  pair  of  intercontact  voltage,  whose 
amplitude  and  sign  simply  determine  the  position  of  the  light  spot  on  the  surface 
and,  consequently,  the  direction  to  source  of  radiant  flux. 

Consequently,  with  the  help  of  the 

f  shown  receivers  it  is  possible  to  de¬ 

termine  direction  to  source  of  radiation, 

^  i.e.,  actually  to  carry  out,  direction 

i~*  finding  of  radiation  sources.  Actually, 

}  I  j  if  radiant  flux  is  focused  by  the  optical 

system  in  the  central  p*irt  of  the  re- 

i 

Fig.  V,20o.  Diagram  of  ceiver  (Fig.  V.20c),  than  on  its  output  i 

determination  of  direction  ■ 

to  source  of  radiation.  voltage  will  be  equal  to  zero.  If,  however, [ 

luminous  flux  is  focused  to  the  right  or 

to  the  left  of  the  axis  of  symmetry  of  the  photocell,  then  on  its  output  will  appear 
voltage.  Magnitude  and  sign  of  voltage  allows  us  to  Judge  the  distance  of  the  spot 
to  the  right  or  to  the  left  of  the  axis  of  syninetry.  Turning  the  device  to  the 
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Fig.  V,20o.  Diagram  of 
determination  of  direction 
to  source  of  radiation. 


corresponding  side  until  output  voltage  disappears,  one  can  determine  direction  to 
source  of  radiati'-'n. 

In  literatm  d  it  is  indicated  that  the  accuracy  of  determining  direction  to 
source  of  radiation  by  this  null  method  attains  0,1  angtilar  second, since  error  of 
combination  of  the  light  spot  with  the  axis  of  synmetry  of  the  receiver  does  not 
exceed  100  A.  If,  however,  we  use  a  receiver  with  two  j^airs  of  base  contacts, 
then  it  is  possible  to  detennine  direction  to  source  of  radiation  with  such 
accuracy  imoiodiately  in  two  coordinates  -  in  a^iJImth  and  in  elevation. 

Deficiency  of  such  a  method  of  determining  direction  to  target  is  its  large 
time  lag  since  it  is  necessary  to  txim  the  receiver  until  output  voltage  disappears. 
Therefore,  this  method  does  net  allow  direction  finding  of  briefly  effective 
sources  of  radiation,  for  inatance  the  flash  fit>m  a  shot  of  a  cannon.  Du-ation  of 
a  flash  constitutes  a  period  of  the  order  of  several  millisecojida  and,  naturally, 
to  turn  a  receiver  for  such  an  interval  of  time  is  impossible. 

However,  lateral  photoeffect  allows 
the  Imitation  of  a  turn  of  receiver  by 
displacement  of  axis  of  the  character¬ 
istic  (Fig.  V.20d)  or,  as  we  say,  appli¬ 
cation  of  the  electron  shift. 

Such  a  shift  of  characteristic  is 
possible  to  carry  out,  passing  to  base 
electrodes  bias  voltage  of  corresponding 
sign. 

Influence  of  bias  voltage  applied  between  base  contacts  from  external  batteries 
may  be  determined  from  relationship 

Km  9m 


Fig.  V.20d.  Imitation  of  the 
turn  of  a  device  by  displacement 
of  the  axis  of  the  characteristic. 


(V.7) 


where  0®  is  voltage  of  bias  battery, 

Ri  is  internal  resistance  of  battery, 

Rv  is  resistance  of  receiver. 

Expression  (V.7)  gives  dependency  of  the  change  of  characteristic  along  the 
axis  of  abscissas  depending  upon  the  change  of  voltage  of  battery  Un. 

The  curve  is  displaced  to  one  aide  during  displacement  current  of  one  sign 
and  to  the  other  -  during  displacement  cvirrent  of  the  other  sign,  vfhich  is  clear 
from  Fig.  V.20e. 


Fig.  V.20e.  Change  of 
characteristic  during 
change  of  bias  voltage. 
KEY:  (a)  Output  signal, 
millivolt;  (b)  In  milli- 
inches . 


Besides  mechanical  modulation  of 
radiant  flux,  with  the  given  receiver 
it  is  possible  to  carry  out  electron 
modulation  of  output  signal  by  appli¬ 
cation  of  alternating  bias  voltage  to 
the  Junction  contact  by  the  diagram  in 
Fig.  V.21. 

Changing  the  magnitude  of  forward 
current  through  the  Junction  between 
the  drop  of  indim  and  the  two  base 
contacts,  it  is  possible  to  decrease 
sensitivity  of  receiver  approximately 
to  10^  its  initial  magnitude,  vdiich  is 


equivalent  to  the  modulation  of  the  signal.  This  decrease  of  sensitivity  is 
explained  by  ixitential  drop  in  the  base  region  due  to  forward  current  which 
Junction  of  cvirrent  carrier  from  drop  of  indium  to  germanium  due  to  the  action  of 
radiant  flux.  In  other  words,  with  an  increase  of’  current  through  junction  the 
slope  of  characteristics  decreases. 


An  electron  interrupter  (EP)  may  bo  made  in  the  form  of  an  electron  key  (type 
of  multivibrator),  alternately  connecting  and  disconnecting  plus  of  the  battery 
from  the  drop  of  indium. 
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It  is  necessary  to  note  that  durijig  the  given  method  of  modulating  radiant 
flux,  simultaneously  interrupted  also  are  leakage  currents  and  fluctuating  noises 
of  the  semiconductor  and  consequently,  they  cannot  be  separated  during  subsequent 
amplification. 

Linearity  of  the  operating  section  of  receiver  response  is  sustained  with 
precision  ±  1*^,  and  the  steepness  of  it  depends  on  the  distance  between  base 
contacts,  'fhe  less  the  distance  between  base  contacts,  the  bigger  the  slope  of 
the  characteristic. 

During  optimum  selection  of  spot 
diameter  we  manage  to  obtain  a  k5% 
steepness  of  characteristic  per  0.0254  mm 
(1  milli-inch). 

Conducted  research  of  a  model  of 
receiver  with  characteristic  having  a 
maximum  of  1.5  mv  and  steepness  per 
0.0254  mm  (change  of  magnitude  of  voltage 
from  maximum  value  to  43^  during  displace¬ 
ment  of  light  spot  0.025  ran  from  center), 
showed  the  possibility  of  registering 
voltage  of  10  microvolt  during  change  of 
position  of  spot  along  the  operating 
surface  of  the  receiver  on  100  A.  In  case  of  application  of  an  objective  with 
focal  length  25.4  itm  (l  inch)  angular  accuracy  is  equal  to  0.1  angular  second 
(accuracy,  which  may  be  ensured  by  eye,  constitutes  0.5-1  angular  minute,  but  for 
good  optical  range  finders  10-15  angular  seconds  [22]), 

The  device  made  it  possible  to  reveal  a  source  of  monochrmnatic  radiation  with 

O 

=  6000  A,  power  cp  =  10  w  at  ambient  tempera txire  T  *  300  "K  from  distance  L  *=  1000  m. 
Magnitude  of  current  of  noises  during  an  amplifier  passband  of  -'/  =  1  cps  at  room 


Fig.  V.21.  Electronic  modulation. 
KEY:  (a)  Output  signal,  millivolt; 
(b)  In  milli- inches;  (c)  Electron 
interrupter. 


temperature  constituted  a  magnitude  of  the  order  of  10'^^  amp,  and  the  aignal-to- 
noise  ratio  during  the  experiment  was  20  db.  In  the  device  was  used  an  objective 
with  aperture  =  10  cns  and  transmicsivity  to  *  0.8. 

Receiver  with  intarbase  resistance 
R  *  100  ohm  had  a  reflectivity  from  the 
sensitive  surface  of  0.37. 

Under  these  conditions  sensitivity 
of  device  nay  be  estimated  to  be  a 
magnitude  of  the  order  of  200  micro- 

Pig.  V.22.  General  form  of  receiver 

with  lateral  photoeffect  and  device  ampere/lu. 

for  detemining  direction  to  source 

of  radiation.  At  F®*®8ent  a  report  has  appeared 

about  the  manufacture,  on  the  basis  of 
a  receiver  with  lateral  photceffect,  of  instruments  for  determining  direction  to 
source  of  radiation,  appraisal  of  position  of  missiles,  their  stabilization  and, 
as  an  exact  optical  indicator  of  precession  of  gyroscopes  and  accelerometers  [23], 

General  form  of  one  such  Instrument  is  shown  in  Pig.  V.22.  The  instrument 
has  the  following  characteristics: 

maximum  output  voltage,  developed  by  receiver  during  load  is  20,000  ohm, 

U2  y  -  ; 

inch  •  w 

linear  sensitivity  0.32  — 2 - ; 

inch'W 

angular  sensitivity  16  —  with  focal  length  of  objective  254  tm  (10 

inches); 

minimum  energy  content  causing  signal  1  v,  0.015  w  (with  a  source  with  7^  ® 

=  2600“K)} 

time  constant  5  microseconds; 

internal  resistance  3000  ohm. 
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7.  Receivers  wi  th  Photoinagnetic  Effect 


In  1934  Noskov  and  Kikoin  revealed  that  if  the  plate  of  a  semiconductor  is 
placed  in  magnetic  field  B  (Fig.  V.23)  and  irradiated  by  radiant  flux  perpendicular 
to  the  direction  of  the  force  lines  of  the  field,  then  in  the  plate  will  appear 
potential  difference  directed  perpendicular  to  the  field  and  radiant  Tiux. 

Later  this  phenomenon,  called  photomagnetic  effect,  was  investigated  in  detail 
[24,  25,  26]  in  gennanim,  silicon,  lead  sulfide,  indium  antlmonlde,  indium  a^'senide, 
and  magnesium  stanide.  The  most  reassuring  results  were  obtained  recently  on 
sufficiently  pure  samples  of  indium  antimonide. 

If  one  were  to  irradiate  one  of  the 
surfaces  of  a  rectangular  sample  of  the 
above-indicated  compounds,  in  their  surface 
layer  would  be  formed  "electron  -  hole" 
pairs,  which  then  would  start  to  spread 
inside  the  sample  and,  under  the  action 
of  the  transverse  magnetic  field,  to  deviate  in  opposite  directions.  As  a  result 
of  this,  on  the  sample  will  be  formed  potential  difference  perpendicular  to  the 
magnetic  field  and  direction  of  the  radiant  flux.  Vo’’  tage  between  two  linear 
electrons  located  on  the  sample  d  cm  fr^5m  each  other,  can  be  calculated  by  the 
formvila 

U^IdBs  XQ^  V,  (V.8) 

where  s  is  speed  of  surface  recombination  of  cxirrent  carrier,  cjn/sec; 

I  is  intensity  of  radiant  flux; 

quantvmi 

B  is  magnetic  field  strength,  oersted,  sec *0111' 

(In  the  case  of  germanium  with  s  =  10,000  cm/sec  at  d  ==  0.1  cm,  B  =  10,000  oersted, 
and  intensity  1  =  1  U  =  0.1  v). 

aor-  •  cm 


Fig.  V.23.  Diagram  of 
photomagnetic  effect. 


Research  of  indiua  antlnonide  as  an  indicator  of  infrared  rays  has  shown  that 
photomagnetic  electromotive  force  exceeds  the  magnitude  of  the  signal  due  to 
photoconductivity.  The  relation  of  these  signals,  in  the  case  of  indium  antiroonide 
possessing  proper  conductivity  in  accordance  with  the  theory  offered  by  Mohs, may 
be  determined  from  relationship 


5i“ 


(V.9)* 


where  u  is  voltage  applied  to  the  sample  during  measurement  of  photoconductivity; 

2 

is  mobility  of  charge  carriers,  cm  /v* sec; 
t  is  lifetime  of  carrier,  sec. 

Short  circuit  current  ij^^  during  change  of  magnetic  field  strength  changes 
according  to  the  law 

I  — 

**3“  »  +  '  (V.IO) 


vdiich  fully  agrees  with  experimental  data  (Fig,  V,2U}}  however,  photomagnetic 
electromotive  force  with  a  change  of  magnetic  field  strength  does  not  follow  this 
law  since  resistance  of  the  sample  Increases  with  an  increase  of  magnetic  field. 

As  the  research  of  D.  N.  Nasledov  and  Yu.  S.  Staetannikovaya  [27j  has  shown,  the 
dependency  of  p^toraagnetic  electromotive  force  in  a  single  crystal  of  n-type  InSb 
with  a  concentration  of  donors  2*10^^-2«10^^  cm  from  magnetic  field  strength  in  the 
range  of  300-20,000  oersted  is  almost  linear. 

In  literature  there  is  presented  no  data  about  spectral  sensitivity  of  the 
indicator,  although  it  is  noted  [6]  that  results  of  spectral  measurements  of  photo¬ 
magnetic  effect  in  pure  sample  of  InSb,  InAs  and  Mg2Sn  allow  us  to  consider  them 
useful  for  receiving  radiation  in  the  comparatively  distant  infrared  region  of  the 
spectrum.  Furthermore,  a  rough  estimate  of  spectral  sensitivity  of  the  photo¬ 
magnetic  effect  in  indium  antimonide  is  reported  [24].  The  reaction  was  measured 
of  indixan  antimonide  to  the  radiation  of  an  ideal  black  body  heated  to  300®C,  with 

♦Russian  subscript  ''♦m  ”  indicates  "photomagnetic”;  "<l>n  "  indicates  "jdioto- 
conductivity" . — Ed . 
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a  quartz  plate  3  nm  thick  aa  a  filter  and  without  it.  During  location  of  the 
quartz  plate  before  the  tested  samplie  yiietoaagnstic  electrwnotive  force  decreased 
5  times.  This  allowed  the  authors  to  consider  that  photomagnetlc  effect  in  indium 
antimonide  is  caused  basically  by  radiation  vrith  a  wave  length  higher  than  4  ^  • 

In  literature  [28]  a  photonagnetic 
receiver  is  described  on  the  basis  of  a 
single  crystal  of  InSb,  working  at  room 
temperature  and  possessing  spectral 
sensitivity  to  7.5  P  .  Its  threshold  of 
sensitivity  to  radiation  with  a  wave 
length  of  6.6  is  equal  to  6.7*10"^*^  w 
with  dimension  of  receiving  site  0.71 
and  passband  of  amplifier  i/  =  1  cps. 

In  the  sane  place  it  is  indicated  that 
the  time  constant  of  the  receiver,  measured 
on  drop  of  signal  "e"  times,  is  less  than 
1  microsecond. 


Table  V.l6.  Calculating  and  Experimental  Characteristics  of  InSb 
Receiver  with  Photomagnetic  Effect  [9] 


Characteristics 

Material 

A 

maximum* 

M 

Cxirrent  of 
Detector 

Area 

cm^ 

Threshold 
of  Sensitivity 
w/cm^ 

T 

^  sec 

Calculating 

InSb 

4 

300 

0.3 

1-10“^ 

1 

Experimental 

InSb 

4 

300 

0.16 

2.5*10"® 

1 

Fig.  V.24.  Change  of  short- 
circuit  with  change  of 
magnetic  field  in  InSb. 

KEY:  (a)  Current  in  arbitrary 
units;  (b)  Magnetic  field, 

B  X  ICP  oersted. 


The  considered  method  of  detection  of  infrared  radiation  profitably  differs 
from  application  of  photoresistors  by  i„s  insignificant  noises,  limiting  the  threshold 
of  sensitivity.  Therefore,  the  application  of  photomagnetic  effect  in  InSb  requires 
the  use  of  amplifiers  with  very  little  set  noise.  Otherwise  gain  from  application 


of  hifthly  ser:*itive  method  of  regiatering  infrared  radiation  in  a  wide  range  of  the 
spectrum  may  be  significantly  lowered  due  to  ijnpaimsnt  of  threshold  sensitivity 
of  all  the  system  on  the  whole. 

8.  Cooling  of  Photosensitive  Layers 

As  already  was  noted,  the  majority  of  receivers  of  radiation  require  cooling. 
Cooling  of  photosensitive  layers  allows  increase  of  their  integral  sensitivity, 
expansion  of  spectral  range  of  sensitivity  in  the  direction  of  longer  waves,  and 
decrease  of  internal  noises,  limiting  the  threshold  of  sensitivity  of  infrared 
instruments. 

Cooling  of  a  photosensitive  element  may  be  attained  when  it  is  placed  in  a 
Dewar  vessel,  filled  with  corresponding  refrigerant,  ensuring  temperature  of 
cooling,  shown  in  Table  V.17. 


Table  V.17.  Obtaining  of  Low  Temperatures 


Refrigerant  and  its  State 

Obtainable  Temperature 

"C 

Melting  of  ice 

273.16 

0 

Volatilization  of  solid  carbon 
dioxide 

1 

194.7 

-78.46 

Boiling  of  liquid  air 

88-85 

-185  to  -183 

Boiling  of  liquid  oxygen 

90.2 

-183 

Boiling  of  liquid  nitrogen 

77,4 

-195.8 

Boiling  of  liquid  neon 

23 

-250.16 

Boiling  of  liquid  hydrogen  1 

20.5 

-252.66 

Boiling  of  liquid  helium 

4.22 

-268.94 

The  methods  shown  in  the  table  have  found  wide  application  in  laboratory 
conditions  and  can  be  used  for  cooling  of  laboratory  samples  of  receivers,  since 
here,  in  the  end,  only  economic  considerations  and  required  consumption  of  cooler 


play  a  role.  Such  cooling  is  attained  by  locating  photosensitive  e'^ement  in  a 
cryostat. 

As  an  example  in  Fig.  V.25  is  given  a  diagram  of  cooling  of  a  highly  sensitive 
germanium  photoresibtor,  alloyed  by  zinc  (536-lZIP,  Perk in- Elmer).  Cooling  of 
photoresistor  is  carried  out  by  liquid  helium,  filling  the  internal  volume  of  the 
cryostat.  Around  the  internal  vessel  is  placed  a  second  external  vessel,  filled 
by  liquid  nitrogen  for  the  purpose  of  slowing  the  evaporation  of  the  liquid  helium. 
The  actual  photoresistor  is  placed  in  vacuum  on  the  internal  wall  of  the  first 
vessel.  External  wall  of  bottom  ^f  vessel  (window)  is  prepared  from  KRS-5- 

The  p^toresistor  is  cooled  to  temperature  ii*K  and  has  the  following  parameters 

dimensions  of  cryostat  -  length  45  cm,  diameter  15  cm; 

dimensions  of  |:^otosensitive  layer  -  from  2X2nmto  20  X  20  mm; 

opectral  sensitivity  -  2-40  ; 

time  lag  -  0.01  microsecond. 

Indicator  is  released  in  series  by 
the  firm  Perkin-Elmer  and  is  designed  for 
the  detection  of  comparatively  low- 
temperature  radiation  [12]. 

In  the  case  of  development  of  cooling 
systems  of  photosensitive  layers  for 
1  'frared  instruments  with  a  military 
assigrsnent,  besides  the  economic  factor, 
of  paramount  value  is  reliability  of 
operation,  weight,  dimensions,  time  of 
preservation  of  refrigerant,  and  the 
possibility  of  application  in  any  place 
and  in  any  time. 


Fig.  V.25.  Cryostat  for 
cooling  photoresistor. 
KEY:  (a)  Window;  (b) 


In  order  to  Judge  those  difficulties  which  must  be  faced  when  developing  such 
systems,  we  will  consider  the  peculiarities  of  their  work: 

a)  system  of  cooling  can  be  established  in  the  infrared  homing  device  of 
rockets,  on  satellites,  piggyback  plane  equipnent,  in  carried  instruments,  etc. 
Consequently,  they  have  to  be  small-size  and  have  small  weight  with  insignificant 
consumption  of  external  energy; 

b)  time  of  action  of  cooler  can  change  from  several  minutes  to  several  days 
Without  milking; 

c)  systems  of  cooling  should  unfailingly  work  at  any  height,  at  any  temperature 
and  in  any  position  which  they  may  take  in  space  together  with  the  object; 

d)  systems  of  cooling  should  ensure  maximum  reliability  and  especially  pres¬ 
ervation  of  gas  in  pure  state,  and  also  mechanical  durability  of  material  working 
under  very  low  temperatures. 

Considering  all  the  above-stated,  it  is  considered  [29]  that  among  the  many 
technical  problems  facing  the  industry  releasing  instruments  of  infrared  technology 
for  military  and  civil  assignment,  one  of  the  first  in  the  list  of  the  most  diffi¬ 
cult  is  the  problem  of  cooling  infrared  indicators. 

For  cooling  photosensitive  layers  in  infrared  instruments  four  basic  types  of 
systems  can  find  application: 

cryostat  systems; 

systems  operating  by  adiabatic  expansion  of  the  operating  substance; 

systems  of  direct  cooling  by  liquified  gas  (heat  exchangers),  £ind 

thermoelectric  systems. 

A  common  condition  for  the  first  three  systsns  is  the  necessity  of  using 
closed  systems  to  guarantee  the  greatest  cleanness  of  refrigerant  and  prolonged 
work  without  milking.  Purthennore,  in  space  conditions  open  systems  are  unfit  in 
principle. 

A  simplified  block-diagram  of  a  refrigerating  installation,  working  on  a 
closed  cycle,  is  shown  in  Fig.  V.26, 


From  reserve  bottle  where  there  is  ssved  s  reserve  of  liquid  coolant  or 
gas,  the  refrigerant  proceeds  through  measxirlng  hopper  2  into  compressor  3  and  from 
there  under  pressure  >  along  coil  U  to  nozzle  5*  located  In  direct  proximity  to 
cooled  j^tcsensitive  layer  7>  The  photosensitive  layer  is  placed  in  the  vacuum 
of  closed  insulated  cryostat  6.  Liquid  coolant  is  evaporated  and  is  expanded  in 
the  nozzle,  cooling  internal  voltme  of  cryostat.  Then  cooling  gas  by  tube  6  enters 
compressor,  vdiere  again  It  is  compressed,  and  then  under  pressure  enters  nozzle, 
where,  repeatedly  being  expanded,  it  cools  the  internal  voliane  of  the  cryostat. 

Thus,  from  cycle  to  cycle  theire  occurs  gradually  a  cooling  of  photosensitive  layer. 

At  the  needed  moment  the  measuring  hopper  can  supply  the  installation  with  an 
additional  portion  of  liquified  gas.  For  the  purpose  of  increase  efficiency  of 
installation,  gas  under  pressure  ie  transported  along  coll,  reeled  on  tube  6, 
which  allovrs  its  preliminary  cooling. 

Sometimes  coil  is  reeled  on  tube 
proceeding  from  reserve  bottle  to  measuring 
hopper  and  having  temperature  of  liquified 

gas. 

Cryostats  in  construction  and  prin¬ 
ciple  of  action  can  be  broken  down  into 
three  groups. 

a)  cryostats  in  which  cooling  is  attained  by  application  of  compressed  gas; 

b)  cryostats  in  which  cooling  of  photosensitive  layer  la  attained  by  washing 
its  sublayer  with  liq[ulfied  gas,  with  gradual  augmentation  of  liquid  coolant  as  it 
is  expended; 

c)  cryostats  with  application  of  compressor  in  a  closed  system. 

The  operating  principle  of  the  first  group  of  cryostat  systems  (Fig.  V.27) 
can  be  comprehended  by  the  diagram  of  a  cooler  working  on  the  principle  of  expansion 
of  preliminarily  cosnpreseed  gas  (nitrogen  or  helium). 


Fig.^  V.26.  Block-diagram 
of  a  refrigerating  instal¬ 
lation  working  on  closed 
cycle. 


Compressed  gas  under  pressure  of  180  atm  proceeds  from  reservoir  A  through 
capillary  and  filter  B  and  solenoid  valve  C  to  dilator  D,  where  it  is  expanded 
and  liquified.  Supply  of  gas  is  regulated  with  the  help  of  a  transducer,  for 
which  resistance  is  changed  id.th  decrease  in  level  of  liquid  coolant  affecting 
solenoid  valve  (measuring  hopper). 

3y  analogous  diagram  is  carried  out  a  cooler  of  the  firm  of  Linde,  shown  in 
Fig.  V.28. 

In  this  system  as  a  work  substance 
compressed  helium  is  used,  vdiich  enters 
cooled  cavity  (cylinder  0.8  cm  in 
diameter  and  length  5  cm)  imder  pressure 
of  20  atm.  Being  expanded  in  cryostat 
near  photosensitive  layer,  helium  allows 
us  to  obtain  temperature  to  -210  to  -21 3 “C. 

Fig,  V.27.  Diagram  of  cooler 

working  on  the  principle  of  Weight  of  device  is  220  g.  Its  appli- 

adiabatic  expansion  of  gas. 

KEY:  (a)  Co.ntrol  circuit:  cation,  as  is  shown  in  literature,  will 

(b)  Transducer  level;  (c) 

Detector;  (d)  Cryostat.  allow  decrease  in  weight  of  aircraft 

infrared  equipment  to  k  kilogram. 

A  characteristic  peculiarity  of  the  given  construction  is  the  fact  that  in  it 
is  applied  only  one  mobile  part  -  a  plastic  piston  in  the  cryostat . 

Cryostats  with  direct  transfer  of  liquid  coolant  (Fig.  V.29)  consist  of  a 
special  vessel  for  storage  cf  liquified  gas  under  pressure,  a  capillary,  on  the  end 
of  wh: ch  is  a  cooled  indicator  of  infrared  radiation,  and  a  preheater.  Heating  of 
liquid  (nitrogen)  with  the  help  of  a  spiral  causes  expansion  of  liquid  and  rise  by 
capillary  to  cooled  indicator. 

It  is  indicated  that  such  systems  are  the  most  promising  for  aircraft  equipment. 
In  filled  state,  the  weight  of  the  system  constitutes  nearly  4  kg,  and  it  ensures 
continurus  cooling  of  eight  indicators  to  a  temperature  of  -195 ®C  for  6  hours. 
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Fig.  V.28.  General  form  Fig.  V.29.  Diagram  of  a  cooler 

of  cooler  with  adiabatic  with  direct  transfer  of  liquid, 

expansion  of  gas.  1 — reservoir  with  nitrogen;  2~ 

heater;  3 — bottlej  k — detector; 

5 — to  atmosphere;  6— manual  switch; 
7 — differential  value;  8 — pneumatic 
switch;  9 — pipeline. 

The  advantage  of  such  a  system,  as  compared  to  a  system  founded  on  adiabatic 
expansion  of  compressed  gas,  is  the  absence  of  a  necessity  to  have  instruments 
for  adjustment  of  temperature  changes  in  cooled  cavities,  since  evaporation  of 
liquid  occurs  at  a  fully  definite  temperattire,  and  also  the  absence  of  any  moving 
parts  at  low  temperatures.  Furthermore,  in  this  case  these  systems  ensure  a  high 
degree  of  cleanness  of  cooler,  since  all  soiling  Impurities  are  frozen  out. 

However,  systems  vflth  direct  transfer  of  liquid  are  absolutely  unfit  for  work 
in  space  conditions  of  high  rarefaction  of  air.  As  a  deficiency,  one  should  note 
(this  pertains  also  to  systems  with  adiabatic  expansion  of  gas)  their  low  economy 
and  great  consumption  of  cooling  substance. 

A  variety  of  cryostat  systems  of  the  second  group  are  Dewar  vessels  for 
cooling  lead  sulfide  of  photoresistors  with  the  help  of  solid  carbon  dioxide  or 
freon  (Fig.  V.30). 
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Inside  a  Dewar  vessel  is  placed  a 
briquette  of  solid  carbon  dioxide,  which, 
as  a  result  of  volatilization  cools  the 
photoresistor,  being  in  contact  with  the 
briquette  through  the  glass  bottom  of  the 
vessel,  to  a  temperature  of  -78®C.  In 
order  to  ensure  constant  contact  of 
briquette  and  piiotoresistor ,  briquette 
is  held  to  bottom  of  vessel  by  special 
spring,  secured  on  cover  of  cryostat. 

In  connection  with  noted  deficiencies  of  open  cooling  systems,  at  present  a 
basic  trend  in  the  creation  of  cooling  systems  is  the  developtnent  of  cooling 
methods  with  the  help  of  closed  cryostat  systems  with  liquid  nitrogen  or  helium. 
Cooling  of  photosensitive  layer  is  carried  out  either  by  expanded  gas  or  by  spraying 
mt.  ^hod  -  condensation  of  gas  on  a  cooled  sxxrface. 

In  the  first  case  liquid  is  provided  in  an  instilated  bottle  under  low  pressure 
and  proceeds  through  capillary  to  jrfiotoresistor,  where,  being  evaporated,  it  cools 
it.  Rxhaust  gas  is  i^peatedly  compressed  with  the  help  of  a  compressor  and  proceeds 
on  a  closed  curve  again  to  cryostat. 

In  the  second  case,  near  sublayer  of  cooled  photosensitive  layer  are  created 
conditions  corresponding  to  "dew  point"  for  a  given  gas.  The  gas,  being  condensed 
on  sublayer  of  indicator,  cools  it,  but  then  later  on  its  evaporation  again  is 
compressed  by  compressor  and  enters  cooled  cavity.  As  gas  is  expended,  its  avig- 
mentation  occurs  from  reserve  bottle  [30]. 

In  Fig.  V.3I  is  shown  a  system  of  the  firm  of  Linde,  for  which  photosensitive 
layer  is  mounted  directly  on  sprinkler.  In  this  system  liquid  washes  back  side  of 
photosensitive  layer  both  during  work  and  during  non-working  time.  Consequently, 
photosensitive  layer  is  always  cold  and,  being  in  vacutim,  Is  always  ready  for 
work.  It  is  indicated  that  the  installation  weighs  to  3.4  kg  and  can  ensure  cooling 


(a)  (b)  fim/c 


Fig.  V.30.  Construction  of 
cryostat  for  cooling  PbS  by 
solid  carbon  dioxide. 

K'UY;  (a)  Dewar  vessel:  (b) 
Body;  (c)  Cotton;  Spring; 

(e)  Photoresistor. 


to  8  photosensitive  layers  during  6  hours  after  24  hours  of  preparation. 

Considered  systems  of  cooling  reqpiire  for  their  %«)rk  a  reserve  of  cooling 
substance.  This  is  not  always  convenient  and  can  lead  to  the  fact  that  at  s  needed 
moment  a  reserve  of  liquid  coolant  will  not  be  at  hand.  Furthermore,  the  presence 
of  a  bottle;  with  liquid  coolant,  althotigh  of  limited  voliaie,  and  a  compressor 
installation  makes  these  systems  comparatively  biilky. 

Therefore,  efforts  of  industry  now  are  already  directed  toward  creation  of 
new,  in  principle,  methods  of  cooling  photosensitive  layers. 

One  such  way,  if  deep  cooling  is  not  required,  is  the  use  of  thermoelectric 
generators.  As  early  as  1834  the  French  scientist  Peltier  revealed  that  if  one 
were  to  pass  current  through  a  thermo junction  in  a  direction  reverse  to  thermo¬ 
electric  current,  appearing  d\u*ing  heating  of  the  thermo Junction,  then  the  latter 
will  lower  its  temperature  (Peltier  effect).  Thus,  passing  current  from  antimony 
to  bismuth,  Peltier  cooled  a  Junction  45®C  with  respect  to  ambient  tempo ratuire. 

Fig.  V.32.  Thermoelectric 
refrigerator  of  Weetinghouae. 

The  Peltier  effect  quite  noticeably 
appears  on  the  Junction  of  two  semi¬ 
conductors.  Therefore,  only  recently, 
after  much  achievement  in  the  region  of  semiconductor  physics,  has  it  become 
possible  to  apply,  in  practice,  the  Sang  effect. 

At  present,  an  ii.tense  search  is  in  progress  of  materials  possessing  low 
thermal  conductivity,  high  electrical  conductivity,  and  thermo-emf. 


Fig.  V.3I.  Installation  of 
Pinde  with  sprinkler  in 
contact  with  photosensitive 
layer . 


simultaneously,  construction  of  thenaoelectric  refrigerators  is  being  de¬ 
veloped  for  cooling  lead  sulfide  photoreaistors  (Fig.  V.32). 

Thermoelectric  refrigerators  are  ultimately  reliable  in  work,  do  not  have 
mobile  parts,  possess  little  weight,  and  can  be  constructed  with  photosensitive 
layer.  Their  consumed  power  is  very  small  2-2.5  w.  Thus,  the  thermorefrigerator 
sho;vn  in  Fig.  V.32  consumes  20  amp  c\irrent  at  a  voltage  of  C.l  v,  ensuring 
temperature  drop  of  50“C  at  ambient  temperatxu^  +25 ®C. 

Increase  of  temperatvire  drop  by  approximately  50%  may  be  attained  by  appli¬ 
cation  oi  two-stage  cooling.  As  reported  in  the  press,  at  present  tvro-stage 
themoelectr..j  refrigerators  have  been  developed,  allowing  a  drop  up  to  79*C. 

It  ii  indicated  that  thermoelectric  refrigerators  have  three  peculiarities 
as  compared  to  other  systems,  namely: 

operation  of  refrigerators  is  not  subject  to  the  influence  of  vacuum  and  the 
surrounding  situation; 

efficiency  of  refrigerators  is  improved  with  growth  of  temperature  of  ambient 

air; 

energy  for  work  of  refrigerators  may  be  taken  from  any  outside  source. 
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C  H  A  t  *  E  n  VJ 

IMAGE  CONVERTERS 

Under  image  converter  we  understand  an  electro vacuum  device  which  allows 
conversion  of  an  optical  image  of  one  spectral  composition  to  another  by  means  of 
constructing  an  iritermediate  electron  image.  The  aim  of  such  a  conversion  can  be 
either  the  transfer  of  an  image  from  one  spectral  region  to  another  or  the  amplifi¬ 
cation  of  image  brightness,  both  simuJ  tar.eoxisly.  The  most  widely  used  image 
converters  at  present  are  electron-optical  (BOP). 

1 .  Converters  with  External  Photoeffect 

Historically,  the  first  image  converters  (1934)  were  the  simplest  two-electrode 
converters  of  the  "Holst  Cup"  type  (Fig.  VT.l). 

^W-electrode  converters  are  made  in  the  form  of  a  flat  capacitor  placed  in  a 
glass  shell,  in  which  vacuxim  is  created  of  an  order  of  10"^- 10“^  ram  Hg  so  that 
photoelectrons  can  move  without  collison  with  molecules  of  air.  On  the  front  wall 
of  the  shell  from  the  internal  side  is  applied  a  very  thin  transparent  layer  of 
silver  which  is  one  of  the  two  electrodes  of  the  converter.  On  it,  as  on  the 
sublayer,  is  deposited  by  evaporation  in  vacuxmi  a  semitransparent  photosensitive 
layer  (cesium  oxide  or  cesium  antlmonide). 

On  opposite  wall  of  shell  also  on  silver  transparent  sublayer  is  deposited 
a  layer  of  luminophor  (willemite  or  zinc  sulfide).  Between  the  cauhode  and  the 
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serpen  is  applied  high  tension  (to  ±2,000  v),  creating  inside  the  converter  a 
rlane-paral lei  electrostatic  field  with  intensity 

£=4.  (via) 

where  d  is  distance  between  photocathode  and  screen,  cm. 

Infrared  rays  reflected  from  the  observed  object  are  projected  with  the  help 
of  the  objective  on  the  photocathode ,  creating  on  it  an  inverted  and  decreased 
image,  not  visible  to  the  eye,  with  a  distribution  of  "bright"  and  "dark"  places 
on  the  photocathode,  corresponding  to  the  distribution  of  radiation  intensities 
of  separate  sections  of  the  observed  object.  In  "brighter"  places  of  the  image 
electrons  will  burst  from  the  photocathoae  in  a  larger  quantity  than  frem  the 
"darker"  places.  Pulled  from  the  photocathode,  the  electrons  (photoelectrons), 
petting  into  a  plane-parallel  electrostatic  field,  will  move  with  uniform  acceleration 
to  the  screen. 

Density  of  photoelectron  current 
appearing  in  the  converter  from  different 
sections  of  the  photocathode  will  be 
proportional  to  the  intensity  of  their 
irradiation.  TXie  to  this  the  electron 
image  will  correspond  to  the  optical  image 
on  the  photocathode.  Photoelectrons  of  the  electron  image,  obtaining,  during  their 
motion  toward  the  screen,  kinetic  energy  eU  ev,  bombard  the  screen  and  cause  its 
glow.  Intensity  of  glow  of  separate  points  of  the  screen  is  proportional  to  the 
power  of  the  photoelectron  current.  This  allows  us  to  obseirve  on  the  screen  of  the 
converter  a  one-color  image  of  the  object  observed  in  the  infrared  rays  with  a 
distribution  of  brightness  tones  corresponding  to  the  distribution  of  radiation 
intensities  (proper  and  reflected)  of  separate  points  of  the  object. 

Quality  of  the  image  of  the  object  observed  in  a  two-electrode  converter  of 
this  type  remains  low  due  to  imperfection  of  the  electron-optical  system  of  the 


Fig.  VI. 1.  Diagram  of  the 
simplest  converter. 
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"flat  capacitor"  type.  During  plane-parallel  transfer,  electrons,  based  on  the 
cause  of  their  various  initial  velocities  vq  ,  move  in  the  field  not  in  parallel 
with  each  other,  but  along  parabolas  with  a  sumnit  at  the  point  of  emission.  This 
does  not  allow  them  to  gather  on  screen  at  a  point,  conjugate  with  a  corresponding 
point  on  the  photocathode.  Therefore,  any  point  on  the  cathode  will  be  depicted 
on  the  screen  in  the  form  of  a  circle  of  confusion,  which  detemines  resolving 
power  of  the  electron-optical  converter. 

Possibilities  of  increasing  resolving  power  of  a  two-electrode  electron-optical 
converter  are  limited  by  the  following  factors: 

1.  During  a  field  strength  for  a  pdiotocathode  of  the  order  of  10  kv/cm,  field 
emission  starts  from  the  photocathode,  sharply  lowering  contrast  of  image. 

2.  A  decrease  of  distance  between  the  photocathode  and  the  screen  leads  to 
an  increase  of  reverse  gating  of  the  photocathode  by  radiation  of  the  screen, 
leading  to  a  decrease  of  resolving  power  of  the  conve  'ter  and  imposition  on  the 
image  of  a  general  parasitic  background. 

3.  Increase  of  operating  voltage  or  decrease  of  distance  between  electrodes 
is  limited  also  by  the  onset  of  disruption  between  them  and  as  a  result  of  this  - 
breakdown  of  the  instniment. 

4.  With  small  distance  between  screen  and  photocathode  technological  diffi¬ 
culties  appear  in  obtaining  a  photocathode  uniform  in  area  dui ing  its  sensitization 
by  vapors  of  cesium. 

These  limitations  do  not  allow  us  to  obtain  converters  w.  th  high  resolving 
power.  Thus,  in  the  best  samples  of  two-electrode  converters  there  can  be  obtained 
a  circle  of  confusion  in  diameter  D  =  0.1  nm,  i.e.,  in  this  case  resolving  power 
constitutes  a  magnitude  of  the  order  of  10  llnes/mci. 

To  improve  image  cjuality  in  the  simplest  converters  combined  electrostatj  c 
and  magnetic  focusing  of  photoelectrons  was  offered  (Fig.  VT.2). 


The  photocathode  and  screen  in  such  a  converter  are  separated  by  a  large 
distance  (sometimes  up  to  7  cm),  and  the  accelerating  voltage  is  lowered  to  500  c. 
Focusing  of  electrons  is  carried  out  by  long  magnetic  lens. 

There  can  be  practically  obtained,  with  such  a  method  of  focusing  electrons, 
resolving  power  of  converters  20-30  lines/nin  i*-h  distance  between  electrodes 
d  ~  7  cm,  U  =  500  v) . 

In  spite  of  their  simplicity,  two-electrode  converters  during  the  Second 
World  War  were  replaced  by  more  advanced  multi-electrode  converters,  including 
electorstatic  electron  optics.  Three-  or  multi-electrode  converters,  in  spite  of 
the  fact  that  their  manufacture  is  more  complicated  than  the  two-electrode  type, 
have  a  number  of  advantages  over  the  latter,  which  promoted  their  wide  application, 
especially  in  instruments  of  military  infrared  technology. 

Such  advantages  are : 

1.  Improvement  of  shielding  of 
photocathode  from  gating  by  radiation 
of  screen  with  the  help  of  diaphragms. 

This  allows  the  use  of  cathodeluminophors 
with  great  brightness  of  glow  and  high 
accelerating  voltages,  at  which  screen 
efficiency  sharply  increases. 

2.  Application  of  several  electrodes  allows  gradually  Increasing  intensity 
of  electrostatic  field  from  photocathode  to  screen.  This  makes  it  possible  to 
apply  very  high  accelerating  voltages  without  dainger  of  appearance  of  field  emission 
from  photosensitive  layer. 

3.  Multi-electrode  converters  allow  us  to  obtain  an  image  not  only  in  a 


3  ' 


Fig.  VI. 2.  Two-electrode 
converter  with  magnetic 
focusing. 


1  to  1  scale,  but  also  with  increase  and  decrease.  The  latter  has  a  very  important 
value  for  amplification  of  image  brightness,  since  with  decrease  of  image  density 
of  current  grows  as  well  as  brightness  of  glow  of  screen. 


U.  Application  of  focusing  s/stema  increases  resolving  power  of  converter  as 
coffipared  to  parallel  translation  of  electrons. 

For  the  case  of  electrostatic  focusing  diameter  of  the  circle  of  confusion 
can  be  calculated  by  the  formula  (VI.2),  and  during  combined  -  by  (VI.3), 


(VI, 2) 

7^'  (VI.3) 

where  is  initiad  speed  of  photoelectron, 

U  is  difference  of  potential  between  anode  and  photocathode, 

d  is  distance  between  electrodes, 

r,  is  electron-optical  magnification  of  converter. 

5.  V/ith  multi-electrode  construction  of  a  converter,  between  the  photocathode 
and  the  basic  focusing  electrode  is  placed  a  number  of  intermediate  electrodes,  to 
vdiich  from  the  potentiometer  moves  voltage.  Such  construction  allows  a  change  of 
relative  distribution  of  potentials  between  electrodes  and  to  carry  out  thereby 
electron  focusing  of  image  on  converter  screen. 


A  typical  representative  of  such 
converters  is  the  l-P-25  converter,  de¬ 
veloped  dvring  the  Second  World  V/ar  in 
the  United  States  (Fig.  VI.3). 

6.  Fcr  siuiti-electrode  converters 


Fig.  VI.3.  Diagram  of 

a  l-P-25  converter.  in  the  presence  of  am  aperture  diaphragm 

KEY:  (a)  Volt. 

(Fig.  VI. i.)  there  is  the  possibility  of 

changing  magnifying  power.  For  that,  to  the  dlaT^ragm  shotild  pass  variable  potential 
U^,  changing  from  Ui  to  U^.  Total  magnifying  power  of  such  a  converter  (at 

=  O)  is  equal  to  l2*21i.  However,  if  one  were  to  pass  potential  =  U2  to  the 
diaphragm,  then  magnification  will  be  less,  and  at  U^  =  Ui  it  will  be  more  than 
the  shown  ratio. 


7.  Transition  to  multi-electrode  converters  also  impro/ed  the  quality  of 
the  image  due  to  vreakening  of  distortion  with  application  of  a  spherical  photocathode. 
Radius  of  the  sphere  is  chosen  in  such  a  manner  that  its  center  is  in  the  region 
of  the  plane  of  division  of  the  basic  foctising  electrodes^  The  effect  of  using  a 
spherical  photocathode  is  shown  in  Fig.  VI. 5. 

The  considered  advantages  of  multi¬ 
electrode  image  converters  led  to  the 
fact  that  toward  the  end  of  the  Second 
World  War  converters  with  plane-parallel 
electrostatic  field  were  completely  re¬ 
placed  . 

Of  the  multi-electrode  converters 
in  foreign  countries  the  most  widely 
used  were  converters  of  the  firm  ABCr  (Germany),  the  l-P-25  (United  States)  and 
the  firm  Mueliard  (England). 


f 

Fig.  VI. 5.  Quality  of  image  during  application 
of  flat  1  and  convex  2  photocathodes. 

AEG  released  its  converters  during  the  Second  V/orld  War  in  two  versions  -  vrith 
screen  diameters  of  50  and  30  mm  (Fig.  VI.o).  The  electron  lens  of  the  converter 
is  formed  by  a  cylindrical  glass  with  a  hole  in  the  bottom,  to  which  moves  a  5  kv 
potential  relative  to  the  photocathode,  and  a  frustum  of  a  cone  electrically  vinited 
with  the  screen  to  which  moves  an  18  kv  potential.  Converter  is  160  rbs  long  and 
80  mm  in  diameter.  The  photocathode  is  cesium  oxide  with  a  "red"  boundary  of 


Fig.  VI. 4..  Diagram  of  a 
converter  allowing  change 
of  electron-optical  magni¬ 
fication. 

KEY;  (a)  Aperture  diaphragm. 
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s'^nsitivity  =  3.3  ><  . 

Tn  the  cor’^erter  is  applied  aluminization  of  the  internal  surface  of  the  screen 
fron  zinc  sulfide-selenide.  Covering  of  the  screen  by  a  thin  dense  film  of  aluminum 
allov.s  us  to  increase  screen  efficiency  and  to  weaken  gating  of  photocathode,  which 


allows  improvement  of  image  contrast  and 


Fig.  VI. 6.  A  converter  of  the 
firm  AEG  (Germany). 


also  increased  clearness  of  image. 

Increase  in  overall  efficiency  of 
the  screen  occurs  in  this  case  due  to 
reflection  of  luminous  flux  of  the  screen 
in  the  direction  of  the  observer  from  the 
internal  surface  of  aluminum  film,  as 
from  a  mirror.  This  leads  to  significant 


weakening  of  luminous  flux  of  screen  in 
the  direction  of  the  photocathode. 

Increase  of  image  clearness  is  attained  due  to  the  pood  electrical  conductivity 
of  aluminum  film,  ensuring  fast  runoff  of  the  space  charge  eroding  electron  image 
near  screen. 

The  converter  of  the  firm  AEG,  vdien  using  candle-power  optics,  allows  ampli¬ 
fication  of  image  brightness,  having  the  following  basic  characteristics: 

sensitivity  of  p^iotocathode  is  30-25  microampere/flux; 

electron-optical  magnification  is  0.65j 

resolving  power  in  center  of  field  of  sight,  attributed  to  screen,  is  ^.0 
lines/mm. 

Converter  l-P-25,  110  mm  long  and  40  ram  in  diameter  (Fig.  VI. 7)  uses  multi- 
electrode  electron  lens,  on  whose  electrodes  is  given  voltage  of  15,  100,  600,  and 


4000  V. 

The  photocathode  is  cesitrai  oxide  with  "red"  boundary  of  sensitivity  Xo  =  1.3  m  ; 
the  screen  is  vd-llemite,  whose  spectral  composition  of  radiation  well  agrees  with 
spectral  sensitivity  of  the  eye.  The  conversion  factor  of  image  brightness  lies 
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within  0, 5-0.4,  i.e.,  the  converter  cannot  be  applied  as  amplifier  of  brightness 


with  comparatively  high  basic  parameters. 


Fig.  VI. 7.  Converter  l-P-25  (The  United  States). 
Basic  Parameters  of  American  Con'^erters 


Value 

Designation  of 

Parameter 

Unit  of 

Measurement 

l-P-25 

6914 

Length 

mm 

115 

68 

Diameter 

t* 

42 

43 

Operating  Voltage 

V 

4000 

16000 

Intermediate  Focusing 

Voltage 

ft 

3 

None 

Magnification 

X 

0.5 

0.8 

Average  field-of-sight 
resolving  power 

lines/mn 

8 

28 

Conversion  Factor 

0.4 

30 

Sensitivity  of  Photocathode 

mka/lu 

20-30 

30-40 

In  1959  in  the  United  States  there  began  to  be  released  a  converter  of  the 
type  6914  [13],  whose  basic  parameters,  as  compared  to  parameters  of  converter 
l-P-25,  are  given  in  the  table.  As  can  be  seen  from  the  comparison,  the  given 
convei*ter  allows,  essentially,  the  Increase  of  image  brightness  due  to  the  high 
conversion  factor. 

Muellard  released  a  series  of  Image  convertors  of  the  brand  ME  (Fig.  VI. 8). 
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Fig.  VI. 8.  Converters  of  the  ME-1201. 

Muellard  firm  (Eiigland). 


A  characteristic  peculiarity  of  these  three-electrode  converters  is  their 
ability  to  use  either  electrostatic  or  combined  focusing  of  electron  beams,  and 
also  to  \4ork  vith  constantly  applied  accelerating  voltage  and  in  pulse  conditions. 

A  diagram  of  an  ME.-1201  converter  is  shovn  in  Fig.  VI. 9.  The  converter  has 
a  cesium  oxide  photocathode  and  a  screen  of  zinc  stilfide  covered  with  aluminum 
semltransp)arent  film.  Dimensions  of  the  converter:  length  235  nn,  diameter  of 
photocathode  30  mm,  diameter  of  screen  115  nn. 

In  the  converter  is  carried  out  variable  electron-optical  magnification  from 
1  to  4  at  uniform  resolving  power  on  a  20  line/mm  screen,  (at  r»  »  i)  by  the 
application  of  combined  focusing  of  electron  beams. 


Basic  Characteristics  of  Electron-Optical  Converters 


Image  converters  are  applied  mainly  in  Instruments  of  visual  or  photographic 
observation  of  objects.  Effectiveness  of  their  app)13cation  in  each  concrete  case 
may  be  estimated  with  the  help  of  the  following  basic  characteristics. 

1,  Spectral  sensitivity  of  photocathode  S(  i  )  determines  region  of  spec+^rum, 
in  vdiich  observation  is  produced.  At  present  in  image  converters  cesium  antioonide 
or  multi-alkali  (for  observation  in  ultraviolet  and  visible  regions  of  spectrum) 
and  cesi\jn  oxide  (for  observation  in  visible  and  infrared  regions  of  spect  nmi} 
photocathodes  are  used. 
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2.  Integral  sensitivity  of  photocathodes  5  determines  general  sensitivity  of 
instrument  of  observation.  It  is  characterized  by  the  ratio  of  photocurront  in  a 
converter  to  the  radiant  flux  getting  on  the  photocathode  (mlcroempere/lm) . 

3.  Brightness  of  image  la  B  »  .  If  it  is  considered  that  the  glow  of  the 
screen  will  obey  the  law  of  Lambert,  then  the  brightness  of  converter  screen  may 
be  determined  fr^  relationship 

(VI.4) 

where  S  is  luminous  efficiency  of  screen  in  external  hesiisphere,  which  is  a 
function  of  the  energy  of  exciting  electrons,  cp/w; 

Sn  is  irradiance  of  photocathode, 

U  is  accelerating  voltage,  v; 

r,  is  electron-optical  magnification. 

Consequently,  other  things  being  equal,  image  brightneas  on  screen  is  propor¬ 
tional  to  luminous  efficiency  of  cathodeltiminophor  and  accelerating  voltage  applied 
to  converter. 

4.  Spectral  distribution  of  image  brightness  characterlzee  the  degree  of 
coordination  of  radiation  of  screen  with  spectral  sensitivity  of  receiver  perceiving 
the  image  (eye,  photographic  emulsion).  Knowledge  of  this  parameter  of  the  converter 
is  necessary,  since  it  can  render  a  strong  influence  on  effectiveness  of  application 
of  the  instmmient  on  the  whole.  It  can  appear  that  with  achievement  of  e  an  great 
brightness  of  radiation  of  screen,  but  sharply  differiiig  from  spectral  sensitivity 

of  receiver,  efficiency  of  the  instrument  on  the  whole  will  be  very  low. 

5.  Conversioij  factor  u  is  the  ratio  of  the  flxix  of  energy  of  radiation  of 
the  converter  screen  to  the  external  hemisphere  to  the  flux  of  radiant  energy 
falling  on  the  photocathode: 

(VI.  5) 

As  can  be  seen  from  expression  ( VI. 5), at  sufficiently  large  voltages  lisnlnous 
efficiency  of  screen  and  sensitivity  of  photocathode  conversion  factor  can  become 


larger  than  unity.  In  this  is  one  of  the  possibilities  of  amplification  of 
brightness  of  image  with  the  help  of  image  converters. 

6.  Brightness  of  background  of  screen  is  B*. 

In  the  absence  of  irradiation  of  photocathode  of  converter,  the  screen  of  the 
latter  has  some  brightness  catiaed  by  the  presence  of  dark  current  from  the  photo¬ 
cathode  as  a  result  of  themo-emission. 

Be  =  10-17*,  (VI.  6) 

where  /,  is  density  of  dark  current  of  converter. 

Density  of  dark  current  from  a  cesium  oxide  photocathode  attains  values  of 
10“^^-10‘^'  amp/cm^,  and  from  a  cesium  antimonide  photocathode  attains  10 
amp/cm^. 

Since  on  a  background  with  brightness  is  produced  observation  of  image  of 
an  object  with  brightness  *  then  contrast  of  image  is  lowered  and  may  be 
approximately  determined  from  relationship 

(VI. 7) 

Therefore,  for  the  purpose  of  decreasing  brightness  of  background  by  lowering 
density  of  thermo-emission  current,  it  is  necessary,  in  a  number  of  cases,  to  cool 
photocathode  (especially  cesium  oxide). 

7.  E3.ectron-optical  magnification  ft  promotes  Increase  in  sensitivity  of 

converter  (at  This  is  connected  with  the  fact  that  increase  of  image  brightness 

is  proportional  to  decrease  of  its  area.  In  spite  of  the  fact  that  such  a  decreased 
image  must  be  considered  in  an  eyepiece  td.th  small  focal  length  and  great  apertxire, 
which  causes  additional  losses  of  light,  the  advantage  consists  in  that  it  manages 

to  gather  to  the  eye  a  larger  part  of  the  light  radiated  by  the  screen  within  limits 
of  the  rear  hemisphere. 

8.  Resolving  power  N  of  the  converter  determines  that  minimum  angle,  at  which 
two  separate  points  are  distinguished  separately. 

From  formulas  (VI. 2)  and  (VI. 3)  it  is  clear  that  with  correct  selection  of 
parameters  of  the  converter  the  resolving  power,  due  to  elements  of  electron  optics. 


(b) 
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will  be  si2ffici«ntl7  high  for  axial  beiES 
of  electrons.  Practically,  however,  such 
resolving  power  all  over  the  field  of 
sight  is  not  attained  because  of  the 
scattering  of  radiant  flux  on  the  granular 


Fig.  VI. 10.  Change  of 
resolving  power  on 
screen  of  converter. 

KET:  (a)  Arbitrary 
\initB;  (b)  Distance  from 
center  of  screen,  nm. 


structure  of  the  photoeathode  and  luminophor 
and  also  the  off-axis  aberrations.  The 
latter  causes  sharp  lapalment  of  resolving 
power  of  convertor  in  field  of  sight. 


3.  AmDliflcation  of  Brightness  of  Image 

In  preceding  divisions  were  considered  p^otoesnission  image  converters,  intended, 
basically,  for  observation  of  objects  in  reflected  Infrared  rays.  Meanwhile,  in  a 
number  of  cases,  image  converters  are  used  for  observation  of  objects  with  small 
levels  of  illuminance,  i.e.,  in  conditions  of  natural  night  illuminance.  In  this 
case  image  converters  are  used  as  amplifiers  of  brightness. 

With  the  help  of  purely  optical  inetrumente,  in  principle,  it  le  poesible  to 
increase  brightness  of  image,  as  compared  to  brightness  of  observed  object. 

In  electron-optical  Instruments  thia  is  possible  to  do  by  electron  amplification, 
i.e.,  supply  of  energy  to  converter  from  without. 

Tt  is  possible  to  show  [2]  that  the  amj^lficatlon  factor  of  image  brightness  on 
the  screen  of  the  observation  inetrumont,  relative  to  brightness  of  the  object,  will 
be  equal  to 

o  ^  aa  —  aac*rr»  tA_a 

(VI. 8) 

where  A  =  v/‘»o«y^  is  phjrslcal  candle-power  of  objective; 

Jf  is  brightness  of  object; 

is  brightness  of  image  of  object  on  converter  screen. 

Consequently,  amplification  of  image  brightness  may  be  attained  by  a  decrease 
in  scale  of  image  (r,<l),  an  increase  of  candle-power  of  objective  A,  integral 


sensitivity  of  photocathode  9,  accelerating  voltage  U,  and  luminous  efficiency  of 
.he  screen  in  the  direction  of  observer  t  . 

If  luminous  efficiency  of  screen  is  expressed  in  light  engineering  units 
dVw,  cp/w),  then  in  the  case  of  using  not  the  eye  for  registration  of  radiant 
flux  from  the  screen ,  but  some  other  kind  of  *eceiver,  the  brightness  of  screen  may 
be  calcxilated  from  relatl>''n8hip 


»diere 
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(VI. 9) 

V(i)  is  relative  luminosity  of  eye; 

Snp(\)  is  spectral  sensitivity  of  receiver; 

B,(^)  is  spectral  brightness  of  screen. 

Mandel'’  [3,  4]  calculates  Increase  in  brightness  of  image  with  the  help  of  a 
image  converter  with  a  cesiut  antlmonide  photocathode  and  a  screen  from  zinc 
sulfide,  activated  by  silver.  For  the  case  of  visual  observation  increase  of  image 
brightness  attains  magnltiide  32,  and  with  coordination  of  spectr  1  composition  of 
radiation  of  screen  with  sensitivity  of  panchromatic  photomaterial  it  is  90. 

In  technology  unilocular  converters 


Fig.  VI  .11.  Diagram  of 
electrcn-c:  ptical  instrumeni. 
for  photographing  v^eak  stars. 


have  found  practical  application,  for 
udiich  amplification  of  brightness  is 
attained  by  coordination  of  spectral 
characteristics  of  radiation  and  sensitivity 
of  photocathode,  and  adso  by  incrjase  of 
screen  brightness  with  increas..  of  accel¬ 
erating  voltage  [5]. 


For  photographing  weak  stars,  in  France  was  developed  an  electron-optical 


attachment  to  a  telescope,  allowing  photography  by  means  of  the  direct  influence  of 
the  electron  image  on  photogrt-phic  eanilslon  (Fig.  VI, ll). 


Th«  Attachment  coneiete  of  dinountable  glaae  ressel  1,  from  which  continuously 
ai  *  is  pimped.  Inside  the  bottle  £t°s  placed  photoeathode  2^  system  of  electrodes 
3,  and  cassette  with  photographic  plates  4*  With  the  help  of  the  objectire  of  the 
telescope  an  image  of  weak  stsLrs  is  projected  on  the  photocathode.  Ihider  the  effect 
of  accelerating  eoltage  of  40,CXX3  v  photoelectrons  are  focused  on  the  emulelon  of 
the  photographic  plate,  causing  its  blackening  in  places  corresponding  to  the  position 
of  weak  stars  in  the  field  of  sight  of  the  telescope,  iimplification  factor  of 
density  of  blackening  of  eimlslon  during  applleatlon  of  such  an  attachment  is  equal 
to  ICX). 


From  the  shown  example  it  ie  clear  that  to  obtain  coapamtiweljr  small  amplifi¬ 
cation  factors  of  brightness  in  unilocxilar  eonrerters  it  is  necessary  tc  apply 
bulky  arrangements  and  to  apply  series  of  measures  with  respect  to  coordination  of 
radiation  with  the  receiving  part  of  the  tube.  Therefore,  such  converters  could  find 
application  only  in  laboratory  conditions. 


Pig.  VI. 12.  Diagrams  of  construction  of  dual  chaaber  converters 
with  one  amplifier  stage  of  brightneee. 


Wider  application  of  brightness  amplifiers  became  possible  after  the  development 
of  methods  of  consecutive  connection  of  two,  three,  and  more  image  converters  [6]. 

Diagrams  of  such  a  connection  of  two  convertere  into  one  inatnaaent,  called  a  cascade 
converter,  are  shown  in  Fig.  VI. 12. 


During  consecutlYB  conn«ctlon  of  ti#o  inage  conwrtere  (one-ataga  electron-' 
optical  converter)  bj  Bie4in8  of  intemedlate  optics  brightness  aaplification  maj  be 
estimated  bv  fornula 

.IS.  •w-l-*’- 

‘  (VI. 10) 

where  is  aperture  angle  on  the  part  of  the  first  screen. 

In  woric  [6]  it  Is  indicated  that  in  the  case  of  connection  of  two  ABC  image 
converters  with  the  help  of  intemedlate  optics  it  is  possible  to  obtain  an  ampll> 
ficatlon  factor  of  brightness,  equal  to  115.  During  application  of  optical  contact 
between  screen  of  first  converter  with  photocathode  of  second,  the  wopllflcation 
factor  of  brightness  attains  values  of  1460. 

For  the  purpose  of  obtaining  large  amplification  factors  of  image  brightness 
in  such  twD>  and  three-chamber  converters  (one  and  two  stage  electron-optical 
convez*ters)  the  entrance  photocathode  and  the  output  screen  are  made  based  on  re¬ 
quirements  presented  b7  the  source  of  radiation  and  recording  Instrument,  but  the 
Intermediate  photocathodee  and  screens  are  made  from  cesium  antimonlde  and  the 
lumlnophor  of  dark  blue-asure  glow,  to  which  the  cesium  antisaonlde  photocathode  is 
most  sensitive. 

When  using  a  cesium  oxide  entrance  photocathode,  there  is  observed  a  noticeable 
dark  current  due  to  themo-esilsslcn.  This  dark  cxirrent  is  strengthened  in  subsequent 
cascades  and  creates  a  bright  background  on  the  output  screen. 

Therefore,  during  application  of  cascade  converters  with  a  cesium  oxide  entrance 
photocathode,  it  is  necessary  to  cool  photocathode  to  temperature  of  the  order  of 
-40  to  -50®C,  in  order  to  decrease  dark  current. 

Cascade  image  converters  are  considered  in  literature  as  one  jf  the  px^sslble 
ways  of  creating  equlpiant  for  night  vision  during  natxu’al  night  illuminance  of  the 
earth's  surface.  At  present  they  have  found  application  ae  the  preliminary  amplifier 
stage  of  image  brightness  of  night  television  intelligence  instruments,  considered 
in  Chapter  VIII. 


4.  El  etron-Optical  Conrertero  with  m.  Cathode  from  a  Photoresiator 

Image  conrertere  with  a  photoeniaslon  cathode  allow  the  detection  of  objects 
by  intrinsic  emission  if  the  temperature  of  their  sarface  is  higher  than  250-300'’C. 

For  detection  of  objects  having  a  temperature  lower  than  250^,  it  is  necessary  to 
apply  photoresistance.  Therefore ,  naturally «  research  has  been  conducted  for  the 
purpose  of  examining  the  possibility  of  creating  image  converters  with  a  photoresistor 
as  a  cathode.  The  principle  of  action  of  such  a  converters  differs  from  the  principle 
of  action  of  photoemission  converters. 

Radiated  by  preheated  cathode  1  (Fig.  VI. 13)  a  beam  of  electrons  2  drops  on 
surface  of  photoresistor  3$  to  idiich  moves  asiall  positive  (with  respect  to  cathode) 
potential.  An  electron  beam  creates  current  through  photosensitive  layer,  causing 
lowering  of  potential  on  its  stirface  and  reflection,  due  to  this,  of  part  of  the 
electrons  5  in  the  direction  of  luminescent  screen  6.  If  one  now  projects  on 
photoresistor  the  Image  of  object  4  observed  in  infrared  rays,  then  transverse 
rssistance  of  separate  points  of  the  photosensitive  layer  will  be  changed  in  ac'jord- 
ance  vrith  intensity  of  radiant  flux  falling  on  these  points.  Change  of  resistance 
will  cause  change  of  current  through  photoresistor  and  of  potential  at  every  point 
of  its  surface,  vdilch  in  turn  will  change  also  the  quantity  of  electrons  reflected 
from  corresponding  points  in  the  direction  of  the  screen.  Since  the  quantity  of 
reflected  electrons  from  the  photoresistor  depends  on  the  intensity  of  incident 
radiant  flux,  the  Intensity  of  radiation  of  screen  will  be  proportional  to  radiant 
flux.  Consequently,  thei^  appeairs  the  possibility  of  constioictlng  an  image  of  the 
observed  object  with  the  help  of  a  photoresistor  if  one  were  to  focus  on  the  screen 
the  reflected  electron  beam. 

Photoresistors  for  such  converters,  besides  high  Integral  sensitivity,  are 
required  to  have  very  high  specific  resistance  in  a  transverse  direction  (of  the 
order  of  10^  ohm ’em),  necessary  for  obtaining  sufficient  potential  difference  between 
irradiated  and  unirradtated  points  and  also  for  preventing  "spreading,"  of  charge 
along  reflecting  surface  [7]. 
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Separation  of  incident  and  reflected 
electron  beans  can  be  produced  both  with 
help  of  magnetic  and  electrostatic  fields 

[8,  93. 

A  converter  with  magnetic  separation 
of  incident  and  reflected  beans  of 
electrons  (Pig.  VI.  14)  consists  of  a 
cylindrical  bottle  with  four  branches 
located  in  one  plane.  In  branch  I  is 
placed  electron  gun  5.  In  branch  II  with  plane-parallel  window  3,  transparent  in 
the  infrared  region  of  the  spectrum,  are  placed  photoresistor  4  and  two  cylindrical 
electrodes  9  creating  r'etardlng  field  for  incident  electrons  7  and  accelerating 
field  for  reflected  electrons  8,  In  branch  III  is  placed  luminescent  screen  6,  from 
vdiich  object  is  observed. 


* 


Pig.  VI. 13.  Principle  of 
action  of  an  image  converter 
with  a  ji^toresistor. 


Fig.  VI.  14.  Converter  with 
magnetic  separation  of  electron 
beams. 


Internal  surface  of  bottle  is  covered 
by  Aquadag  2  (water  solution  of  graphite) 
and  is  under  potential  4  kv.  On  the  bottle 
is  put  a  solenoid,  creating  a  uniform 
magnetic  field,  perpendicular  to  the  plane 
of  motion  of  electrons.  An  electron  ray 
by  expanded  beam  emerges  from  the  electron 
gun,  gets  in  the  magnetic  field  inside 
the  bottle  and  deviates  it  in  the  direction 


of  the  photocathode.  Here  electrons  are  rebarded  in  a  field  of  cylindrical  anodes 

and  are  reflected  from  the  photoresistor.  On  the  reverse  path  of  electrons  cylin¬ 
drical  anodes  execute  the  role  of  the  accelerating  system,  and  the  magnetic  field 
deflects  electrons  in  another  direction  in  the  direction  of  the  screen  (the  sign  of 
vector  of  velocity  of  electrons  changes). 
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Conveirtars  with  an  olectrostatic  field  for  separations  of  Incident  and  reflected 
beams  of  electrons  were  developed  In  Germany  (Fij;*  VI. 15a)  and  in  the  United  States 
by  RCA  (Fig.  VI. 15b). 


The  converter  (Fig.  VI. 15a)  consists  of  photocathode  1,  made  fnom  bissmth 
selenate,  Imlnescent  screen  2,  reflective  sdjrror  3,  electron  gun  4*  sjstsm  of 
electrodes  5,  and  ocular  system  6.  Harrow  beam  of  electrons  7  passes  through  hole 
in  reflective  mirror  and  Itmlnescent  serem.  Getting  in  ths  system  of  electrodes, 
the  electron  beam  is  expanded,  and  electrons  delay  their  speed.  '  Reflected  front  the 
photocathode,  electrons  S  are  accelerated  by  this  system  of  electrodes  and  are 
foctised  on  the  screen.  Getting  on  the  screen,  the  electron  beam  causes  its  glow, 
observed  in  the  ocular  system  by  means  of  a  reflective  mirror.  The  photocatbode 
applied  in  the  converter  had  a  sensitivity  to  2  m  with  maximum  of  spectral  sensi¬ 
tivity  near  1  u  •  Specific  resistance  of  photosensitive  layer  (10^  ohB*cm)  turned 
out  to  be  very  low,  ^ich  did  not  make  it  possible  to  obtain  an  image  of  good  quality. 
Therefore,  the  converter  did  not  emerge  from  the  stage  of  laboratory  research. 


Fig.  VI. 15a.  Converter  with 
electrostatic  separation  of 
electron  beams  (Germany). 


Fig.  VI. 15b.  RCA  converter  with 
electrostatic  separation  of  electron 
beans  (The  Uhlted  States). 


The  RCA  converter  (Fig.  VI.  15b),  in  principle,  consists  of  the  same  elements 
as  the  German,  although  it  is  constructed  differently.  An  electrostatic  field  is 
created  with  the  help  of  bias  battery  1  creating  potential  difference  between  photo¬ 
cathode  and  screen  of  the  order  of  5-6  lev. 
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In  spite  of  the  laperfectlon  of  the  «boTe  considered  converters  with  photo- 
resistors,  certain  aodels  possessed  sensitlvltj  of  0.1  Ixix,  i.e.,  make  It  possible 
to  distinguish  on  the  image  a  difference  in  iUuslnaace  of  separate  sections  of  an 
object  of  0.1  lux  for  radiation  in  the  visible  part  of  the  spectnmi  with  true 
temperature  of  2700*K.  The  converters  allowed  observations  of  objects  >dK}se  surface 
temperature  was  lower  than  200*C.  Resolving  power  of  the  converters  in  the  best 
samites  did  not  exceed  20  llnea/am. 

5.  Power  Supply  of  Electron-Optical  Converters 

Contemporai‘7  image  converters  are  fed  from  special  high-voltage  power  units. 
Depending  upon  assignasnt  of  electron-optical  instrument,  its  place  of  installation, 
and  operating  conditions,  high-voltage  units  can  be  both  self-contained  and  connected 
to  an  external  netwoz4c  of  electrical  current.  . 

Independent  of  type,  power  units  must  be  economical,  light-weight,  and  saiall. 
Their  powrir  should  be  sufficient  for  normal  operation  of  an  image  converter  in  the 
whole  range  of  operational  iUunlnanee  of  the  photocathode,  with  little  dependence 
of  output  voltage  on  oscillations  of  primary  voltage. 

In  connection  with  the  small  consumption  of  current  In  image  converters,  the 
power  developed  b7  &  power  unit  may  be  very  insignificant.  Thus,  if  one  were  to 
consider  only  the  operating  photocurrent  throuigh  a  converter  of  the  order  of  micro¬ 
amperes,  then  with  voltage  of  18  kv  oonsumed  power  will  constitute  0.1-0. 2  w. 

However,  because  of  power  coneimiptlon  by  the  voltage  divider  and  absorbing  ruslstors, 
because  of  losses  on  leakage  In  the  glass  and  in  cable  Joints,  the  power  of  the 
power  unit  must  be  increased  to  0.5-1  w. 

Thanks  to  small  consumption  of  current  in  the  converter,  the  voltage  developed 
by  a  high-voltage  \inlt  is  detemlned  by  its  peak  values,  obtained  during  conversion, 
which  significantly  eimplixlee  diagram  of  the  unit. 

At  present,  circuits  on  alternating  current  and  circuits  on  direct  cxirrent,  both 
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self-contained  and  supplied  from  a  neti  irk,  are  in  use. 

If,  as  a  priJBary  source  of  current,  alternating  current  is  used,  the  diagram 
of  the  high-voltage  power  unit  is  the  slapleat,  since  no  vibrapack  is  in  it.  Such 
circuits  are  executed  either  on  the  principle  of  double  transfcnnation  of  current 
(Fig.  VI.l6a)  or  on  a  voltage-aiultiplTing  circuit  (Fig.  VI.l6b). 

(a.)  Jf,  (a)Tpi  With  double-transformation  of 

alternating  current  (Fig.  VI.l6a)  to  the 
entrance  of  priaury  transfomer  sieves 
alternating  voltage  of  coonercial  or 
heightened  frequency.  To  the  output  winding 

Fig.  VI.l6a)  Alternating  current 

\mit  with  double  transformation  of  the  secondary  transformer  is  connected 

of  voltage. 

KET:  (a)  Transformer;  (b)  kv.  a  rectifier  and  capacitor,  from  the  plates 

of  idiich  move  18  kv  of  direct  current. 

The  power  consumed  by  the  power  unit  from  the  primary  network,  constitutes  15-30  va. 
The  deficiency  of  such  a  circuit  are  the  large  leakages  of  current  both  in  the 
actual  transformer  and  in  the  rectifying  device.  With  the  aim  of  decreasing  thesi, 
all  the  circuit  snist  be  placed  in  oil  or  potted. 

The  circuit  of  a  high-voltage  unit  on  alternating  current  with  subsequent 
doubling  of  voltage  profitably  dlf ..  jrs  from  the  precedixig  both  in  dimensions  and 
weight  and  in  consxmed  power  from  the  circuit  of  the  primary  source  of  current. 

For  instance,  in  one  of  the  designs  of  a  high-voltage  unit  the  circuit  consists 
of  high-voltage  step-up  transformer  (Fig.  VI.l6b)  with  primary  winding  n^^  =*  300  turns, 
to  input  of  which  moves,  through  regulating  resistance  R^,  voltage  115  v,  400  cps. 
Secondary  winding  has  =  19,000  turns,  idiich  ensuree  the  obtaining,  on  output  of 
the  winding,  of  a  7-10  kv  voltage.  In  parallel,  the  secondary  winding  is  connected 
to  the  circuit  of  doubling  and  rectifying  of  voltage  accumulated  on  directly  heated 
kenoti'ons  CBK-1  (  and  JIj  )  and  high-voltage  capacitors  (C^  and  C„) .  In  dis¬ 
tinction  from  filament-supply  kenot rones,  in  directly  heated  ones  the  cathode  ie 
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activated  by  cesium^  which  ensures  a  lasll  woric  Aaction,  but  the  snode  has  a  large 
work  function.  This  ensures  passage  of  current  In  one  direction  (cathode  -  anode) 
when  supplying  It  by  alternating  current. 

In  the  first  half*period,  when  the  anode  of  kenotron  JIx  turns  out  to  be  under 
positive  voltage  with  respect  to  cathode,  the  voltage  of  the  transfonser  charges, 
through  JIx  ,  capacitor  C^.  In  the  Second  half-period  J/,  outs  off,  and  the  voltage 
on  the  winding  of  the  transfonser  is  added  with  the  voltage  on  becosiing  alnost 
equal  to  the  doubled  peak  value.  In  this  half-period  kenotron  yi2  ia  triggered, 
charging  capacitor  to  double  peak  value  of  the  voltage  on  the  winding  of  the 
transformer.  FVom  capacitor  C2  voltage  through  resistor  moves  to  image  converter. 
Resistor  limits  the  current  removed  tram  the  unit  to  15-20  microampere. 

Resistor  R2»  connected  In  parallel  to 
C2«  promotes  fast  discharge  of  capacitor 
C2  after  the  turning  off  of  the  supply 
unit. 

A  high-voltage  power  unit  ax*ranged  on 
such  a  diagram,  consuming  from  the  power 
network  no  more  than  10  va,  develops  a 
voltage  within  15-20  kv  with  a  1  microampere 
load  current. 

Self-contained  units  of  direct  current,  in  distinction  from  alternating  current 
units,  uss  basically  low  capacity  sources  of  primary  voltage  (dry  batteries  and 
storage  batteries  of  small  capacity)  and  require  application  of  special  conversion 
of  direct  current  into  alternating  for  subsequent  transfonaation  and  rectifying. 
Therefoire,  questions  of  the  economical  use  of  the  energy  of  the  primary  source  here 
have  a  decisive  value. 

The  most  economic  is  a  power  unit  on  direct  current  with  application  of 
vibrapsck  auid  doubling  of  voltage  (VI, 17). 


Fig.  VI. 16b.  Alternating  current 
unit  with  doubling  of  voltage. 

KET?  (a)  V!  (b)  cpaj  (c)  Trans¬ 
former;  (d)  kv. 


Sfficioncy  of  vibraptcks  does  not 
exceed  50-70^.  It,  however,  we  conalder 
eddltionel  losses  in  the  transformer  and 
In  the  rectifier,  then  on  the  whole  the 
efficiency  even  of  comparatively  economical 
units  will  be  no  hl^er  than  50%. 

Pig.  VI. 17.  Self-contained  power 

unit  with  vlbrapack.  In  this  connection  converters  of 

KET:  (a)  Transformer 

voltage  without  vibrators,  developed  on 

the  basis  of  semiconductor  triodes,  present  definite  Interest.  Distinctive  pecxili- 
arltles  of  such  converters  are  their  high  efficiency  and  ■mTI  diaenslons. 

The  principle  of  work  of  semiconductor  converters  of  voltage  can  be  comprehended 
by  the  circuit  in  Pig.  VI. 18. 

Triode  /7/7,  is  connected  to  the  primary  winding  of  the  transf  mer  on  a  circuit 

with  the  grounded  emitter.  It  plays  the  role  of  a  key,  turning  on  and  turning  off 

the  voltage  of  the  battery  to  the  path  of  the  primary  winding  of  the  transformer, 

which  moves  through  the  collector  -  emitter  circuit  of  the  triode.  Since  resistance 

of  the  collector  -  emitter  circuit  la  insignificant,  practically  all  the  voltage 

£e  moves  to  v/lnding  of  transfonner  I.  Current  in  winding  I  starts  to  grow,  inducing 

in  windings  II  and  III  altsmating  voltage,  proportional  to  the  epeed  of  change  of 

current  in  winding  I.  As  current  speed  grows  its  change  decreases,  which  leads  to 

a  dscreaae  of  voltage  in  windings  II  and  III.  Decrease  of  voltage  C’3  causes  decrease 

of  current  of  base  of  triode,  which  in  t\im  decreases  current  of  collector,  etc.  As 

a  result  cutoff  of  triode  /7/7|  will  occur.  While  triode  is  closed,  voltages  U  and 

ic 

drop  to  zero  and  change  thsir  sign,  causing  thereby  the  appearance  of  base  currer 
and  collector  current.  There  occurs  cutoff  of  triode  and  again  the  whole  work  cycle 
of  the  converter  is  repeated. 

The  efficiency  of  aemlconductor  converters  reaches  80-90^. 


The  ftbore  considered  circuit  of 


hlgh-TDlt«^e  supply  vmits  Include,  as  an 
obligatory  element,  a  primary  aourca  of 
cxirrent,  idiich  nalraa  them  often  bulky  or 
requires  an  outside  source  of  current. 


Recently,  more  and  more  frequently. 

Fig.  VI. 18.  Supply  unit 

on  semiconductors.  there  have  appeared  reports  about  the 

deTel^^psent  of  high>voltage  atonic 

batteries  to  supply  certain  circuits  of  electronic  equipnent  and,  In  particular, 
image  conveirters  [10,  11,  12], 

For  the  creation  of  such  sources  of  clecorical  energy  it  is  possible  to  use 
both  radiation  of  charged  particles  and  uncharged  ( v  -radiation  and  neutrons). 

Basic  sources  of  charged  particles,  having  obtained  industrial  application,  are 
strontiw>90,  yttrlun-90,  mixtures  of  then,  and  also  tritltm  and  pronethium-lif?.  For 
obtaining  uncharged  particles  we  can  use,  mainly,  cobaltr-60,  whose  quantum  energy  of 
Y  -radiation  is  eoiial  to  1.33  Mer  and  half-life  is  5.3  years. 

Transfonsation  of  radiation  into  electrical  energy  is  possible  to  carry  out  by 
the  self-charged  capacitor  method. 

A  self-charged  capacitor  consists  of  a  central  electrode  with  a  radioactive 
isotope,  possessing  -radiation  (emitter),  and  an  external  one  gathering  departing 
electrons  (collector). 

With  a  sufficiently  large  time  of  acciasulation  of  electrical  charge  such 
batteries  make  it  possible  to  obtain  very  high  voltage.  Thus,  by  available  data 
[10],  an  emission  battery  with  sufficiently  great  load  capacity  allows  us  to  obtain 
a  voltage  of  360,000  v  during  power  of  0.2  milliwatt. 

Batteries  of  the  "self-charged  capacitor"  type  with  p -radioactive  isotopes 
possesses  rigidity  of  construction,  absence  of  corrosion  of  parts,  man  weight, 
high  operational  reliability,  stability  against  short  circuits,  linearity  of 


charging  characteristic,  and  a  very  long  period  of  service  (25  years).  PHirthermore 
they  will  be  able  to  sustain  extreme  high  preestires  of  tenperature  and  acceleration 
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PART  II 

APPLICATION  OF  INSTRUMEMTS  OF  INFRARED  TECHNOLOGY 
IN  MILITARY  MATT  JIS 


CHAPTER  VII 


SUPPORT  OF  COMBAT  ACTIONS 

1.  Driving  Tranaport  and  Firing  at  Night  with  the  Help  of  Instn— nts  of 
Infrared  Technology. 

In  Bodem  coobat,  night  operations  have  acquired  a  considerable  role  and  value. 

It  is  natural  that  to  guarantee  concealment  of  night  actions,  corresponding  technical 
means  are  considered.  One  such  swans  Is  infrared  technologjr,  which,  in  the  opinion 
of  many  foreign  ndlltary  specialists,  will  ensure  concealnent  and  surprise  action 
for  their  troops.  Thus,  F.  0.  Mikshe  in  the  book  ’'Atomic  Weapons  and  the  Army" 
indicates  an  ever  increasing  value  of  infraa*ed  technology  methods  in  conducting 
night  operations.  Already  at  present  with  the  help  of  instruments  of  infrared 
technology  the  following  probleais  are  solved.  Driving  transport  at  night  and  combat 
technology,  night  firing  of  asiall  aims,  detection  of  military  objects  on  the  field 
of  battle  by  their  thermal  radiation  (tanks,  cannon,  ships,  and  so  forth),  signalling 
and  connunication  between  separate  subdivisions  and  objects,  designating  moving 
columns,  monitoring  movement,  and  observing  actions  of  enemy  [1]. 

Infrared  instruments  for  driving  machines  at  night  (Fig.  VII. l)  consist  of  an 
electron-optical  obeervatlr,.  Instnmwnt,  a  searchlight  (irradiator)  covered  by  an 
inf  raided  filter,  and  a  pow^ii'  unit  for  the  observation  init-rMsent  ^ 

In  construction  instnanents  of  observat5on  are  subdivided  into  direct- flow 
(monocular  or  binocular  type)  and  jwriscoplc  (Fig.  VII. 2).  Inetinanente  of  observation 
are  established  firmly  on  machlnea  or  are  braced  on  helmet  of  driver. 
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Fig.  VII. la.  Swedish  instnanent 
of  night  driving  on  an  automobile 
of  the  "Jeep"  tjrpe: 

1 — electron-optical  Instrument  of 
observation;  2— power  supply;  3— 
bracket  for  bracing  instrument. 

Infrared  headlights,  irradiating  the  site  ahead  of  machines, can  be  self-contained 
and  arranged  in  psirallel  trith  the  usual  Ulu&inatlng  headlights,  as  this  is  done  on 
the  Merican  medium  tank  M-48  (Fig.  VII.3),or,  idien  indispensable,  before  the  diffuser 
of  the  illxadnatlng  headlights  infrared  filters  are  established.  As  a  rule,  for  the 
purpose  of  limiting  propagation  of  radiant  flux  of  headlights  into  upper  hemisphere 
and  in  other  cases  special  limiting  visors  and  diaphragms  arc  applied . 

For  Improvement  of  conditions  of 
camouflage  idien  driving  colimins  of  machines, 
in  the  foreign  press  it  is  rec«anended  to 
equip  instruments  with  a  head,  one  or  two 
intermediate,  and  a  locking  machine.  In 
this  case,  to  guarantee  safety  of  motion 
it  is  recoBBieided  to  establish  on  the 
machines  special  llght-eigns,  observable 
by  the  driver  of  the  machine  behind,  and 
also  at  necessary  places  on  the  roads  to 
establish  special  infrared  signal  lights 
and  indicators. 


Fig.  VII. lb.  American  instnatent 
of  driving. 


Fig.  VII. 2.  Tank  perlscopic 
instrument  M-41. 


Sinc«  visual  range  and  angle  of 
visibility  of  site  In  an  instronent  of 
observation  are  limited »  then,  naturally, 
limited  also  Is  the  speed  of  the  machines. 

By  report  of  the  American  press,  speed  of 
ansored  carriers  at  night  shoxild  be  no 

Fig.  VII. 3.  Location  of  infrared 

headlights  on  an  IUU8  tank.  less  than  10  kia/hr  [2],  however,  one  of 

the  recent  instruments  for  driving  machines, 
the  T-6A,  which  passed  its  test  in  1958  and  was  taken  into  use  by  the  Army  of  the 
United  States,  ensures,  supposedly,  a  speed  at  night  equal  to  the  speed  by  day  on 
dirt  roads. 

Character  of  the  image  of  site,  observed  by  day  1  and  at  night  2  in  an  electron- 
optical  instrument, is  shown  in  Fig.  VII. 4. 

Along  vfith  instruments  for  driving  machines  at  night,  in  the  ground  troops  of 
a  n\nnber  of  coxontries  infrared  electron-optical  sights  for  carbines,  rifles,  machine 
guns,  and  cannons  have  found  application. 

Such  a  sight  Is  the  M-2  sight  (United 
States)  for  a  carbine.  This  sight  consists 
of  an  infrared  searchlight  with  a  25  w  tube, 
an  electron-optical  instnmient  of  observation 
with  a  l-P-25  converter  and  a  power  unit 
transportable  by  a  soldier  in  a  shoulder 
bag.  Distance  of  aiming  is  100  m. 

In  1954  In  the  United  States,  taken 
into  service  was  an  infrared  sight,  the 
"Supersniperscope",  for  the  "Garand  M-1”  rin.e  133  (Fig.  VII. 5),  consisting  of  the 
same  main  centers  (searchlight  and  electron-optical  instrument)  as  the  M-2,  l>ut 
possessing  aiming  distance  of  250-270  m.  Increase  of  aiming  distance  was  attained 


Fig.  VII. 4.  Section  of  a  road 
observed  in  an  instrument  for 
driving  machines,  by  day  1  and  at 
at  night  2. 
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thanks  to  application  of  a  nore  highly  aenaltlvs  converter  with  accelerating 
voltage  of  20, (XX)  v  and  a  30  w  aearchlight.  Weight  of  the  sight  outfit  without 
storage  battery  is  12  icilograma. 

In  distinction  from  the  M-2  searchlight  (1),  the  sight  of  the  "Supersniperacopc" 
is  located  above  the  rifle,  and  not  under  the  carbine,  and  has  a  cannon  bracket 
with  the  instnanent  of  obcervatlon  (2).  The  latter  circmnstance  allows  fast  change 
of  day  version  of  rifle  into  night  version,  and  back  again. 

In  foreign  literatxire  the  folloirlng  tactical  application  of  rifles  with  infrared 
sights  is  recomnended ;  soldiers  having  such  rifles  act  In  pairs  one  produces  bias 
lighting  of  site,  and  the  other,  being  at  some  distance  from  the  first,  during  this 
time  conducts  fire  on  target. 

Infrared  sights  for  machine  guns  (Fig. 
VII. 6)  and  cannons  are  analogous  in  con¬ 
struction  to  rifle  sights,  however,  they 
have  longer  aijnlng  distance  due  to  the 
application  of  more  powerful  searchlights 
and  soiu*ee8  of  supply.  Thus,  the  sight 

Fig.  VII. 5.  "Supersniperscope "  for  the  hand  machine  gun  "Chatelraux’' 

on  the  "(kiraxid  M-1”  rille. 

(P)rance),  weighing  8  kg  (without  power 

so\u*ce),  allows  aioiing  fron  distances  up  to  400  m.  In  it  the  searchlight  and  high- 
voltage  power  unit  are  assesdsled  on  the  receiver  near  the  instrument  of  observation. 
The  storage  battery  for  power  supply  of  searchlight  and  instrument  of  observation 
has  comparatively  great  weight  and  is  transported  by  one  of  the  soldiers  of  the 
machine  gun  crew. 

To  apply  machine  guns  with  infrared  sights,  Just  as  with  rifles,  it  is  considered 
expedient  to  tise  pairs,  placing  them  on  flanks  of  subdivisions.  Sometisies  to  the 
sight  outrit  is  given  a  powerful  outlying  searchlight.  With  the  aim  of  caaiouflago 
it  is  reconnended  to  carry  the  searchlight  aside  from  the  shooting  machine  gun. 
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It  is  possible  to  Judge  the  effectiveness  of  application  of  Infrared  sights  for 
small  arms  by  the  operation  to  capture  the  Island  of  Okinawa.  In  this  operation  the 
Japanese  &rmy  lost  30ff  of  its  men,  killed  onlj  because  US  marines  used  carbines  with 
the  M-2  night  eight. 

In  the  American  tank  are  \ised  the  foULowing  instruments:  a  searchlight 
giving  infrared  and  visible  light,  two-channel  optical  and  electron-optical  p>ori8c3pic 
sights,  a  monoc’Jar  range  finder  and  a  closed  television  system.  These  instmisonts 
allow  a  tank  to  fight  at  any  time  of  the  twenty— foui-  hofira. 


Fig.  VII. 6a.  French  light-weight  Fig,  VII. 6b.  Heavy  machine-gjn 

machine  gun  "Chatolraux"  with  with  infrared  sight, 

infrared  sight. 

For  "illumination"  of  the  field  of  battle,  on  .he  tank  is  fixed  a  combined 
searchlight  developed  by  "General  Electric",  replacing  the  earlier  applied  18-inch 
searchlight.  The  searchlight  has  a  xenon  Incandescent  larp  and  is  fixed  on  the 
armored  cover  above  the  gun.  For  inclusion  of  infrared  iiradiatlon  between  tube  and 
reflector  a  small  infrared  filter  is  introduced. 

The  tank  cosmander  and  the  gunner  have  two-channel  perlscopic  sights  idcich  allow 
than  to  conduct  observation  In  infrared  and  visible  beams.  They  observe  in  the 
optical  channel  with  8  X  magnification  with  the  left  eye,  but  In  the  electron-optical 
channel  with  the  same  magnification  -  with  the  right. 

A  monocular  range  finder,  working  on  the  principle  of  range  fiitdere  of  small-size 
cameras  (a  combination  of  two  images  of  the  target),  allows  them,  without  special 
difficulties,  to  determine  distance  in  a  range  of  ^>00-4400  m. 

Application  in  the  tank  of  closed  television  equipment  Increases  the  capability 
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of  anaored  troops  when  carrying  out  cuibat  actions  at  night.  The  equipsent  consists 
of  a  transmitting  telerision  ehsober,  two  receivers,  and  auxiliary  units.  A 
distinctive  peculiarity  of  the  equipwnt  is  the  fact  that  it  can  wor<c  in  two  con¬ 
ditions:  In  conditions  of  the  usual  television  equipnsnt  and  with  the  use  of  the 
principle  of  mmsorisation  of  signal.  The  first  conditions  are  intended  for  woz4c  by 
day;  the  secoxid  -  in  eondltl'^  of  natural  night  lUudLnanes  udien  the  site  is  not 
examined  oven  by  optical  InstnmMnts. 

It  is  indicated  that  stich  a  system  essentially  suppleaMnts  the  inArared  sight 
and  is  absolutely  passive. 

The  essential  deficiency  of  the  considered  eights  is  the  presence  of  the  special 
Infrared  searchlight  for  bias  lifting  of  the  target.  Its  radiation  is  the  revealing 
factor,  and  the  enemy,  axmsd  by  an  Infrared  instrument,  can  not  only  reveal,  but 
destroy  the  searchlight  by  rifle,  machine  gun,  or  cannon  fire. 

Therefore,  in  the  period  of  the  Second  World  .#ar  attempts  were  undertaken  to 
create  passive  infrared  sights,  using  for  their  work  thermal  radiation  of  targets. 

One  of  the  first  sights  was  the  antiaircraft  electron-optical  sight  "Orel** 
(Germany),  revealing  a  E-29  because  of  the  thersud  radiation  of  its  motors  from  a 
distance  of  nearly  30  km. 

Attempts  were  made  to  install  elsctron-optical  si^ts  on  aircraft  for  detection 
of  and  aiming  at  air  targets.  Thtis,  in  1942  in  the  English  Air  Force  there  appeared 
night  filters  with  electron-optical  sights  fixed  firmly  in  the  cabin  of  the 
aircraft.  Initially  they  were  designed  for  devc^ction  of  t  leir  own  alrcral't,  marked 
by  infrared  headlights.  However,  later  the  Instnmient  was  used  as  a  collimator  to 
facilitate  aiming. 

At  the  same  tl®#  in  Geraanr  th^r?:  was  develorod  and  fixed  on  certain  fighters 
an  electron-optical  sight,  the  "Schpannez'-IIA,"  with  a  motionless  laying  mark.  This 
sight  (Fig.  VII. 7)  had  CvUidle-power  optics  with  a  large  inlet  (A  =  1  :  0.8,  f  «  90  m) 
and  differed  by  its  large  diawnsions.  Ac  a  sensitive  element  in  the  sight  was  applied 


a  converter  of  the  fim  AEG.  With  a  30*  field  of  ei^ht,  the  elifht  allowed  detection 
of  a  B-29  froB  distancoB  of  8-10  ka. 


Pig.  VII. ?•  Ceraan  electron-optical  the  "Schpanner-IIA. : 


2,  Infrared  Range  Flndem 

Infrared  passive  systeas  of  detection  and  alaing  do  not  allow  neasurlitg  directly 
the  distance  to  target.  It  is  necessary  to  apply  rsdioteehnleal  or  optical  Means  to 
detemine  distance  to  target. 

Therefore,  efforts  of  Many  specialists  of  Infl'ared  technology  were  directed  to 
the  citation  of  range  finders,  working  in  the  infrared  region  of  the  spectnsB.  The 
:reatlon  of  such  range  finders  would  allow  thsa  to  nake  the  operation  of  systens  of 
detection  and  ainlng  aore  flexible  and  noiseproof,  and  also  would  significantly 
increase  concealaent  of  their  woHc. 

In  principle  of  action,  infrared  range  finders  are  identical  with  optical  working 
in  the  visible  region  of  the  spectrun  and  can  be  divided  into  electrooptlcal,  base, 
and  axial. 

Optical  range  finders,  working  in  the  visible  region  of  the  spectarua,  have 
found  wide  use  in  artillery,  in  geodesic,  and  englnaering  works;  infrared  range 
finders,  due  to  a  nunber  of  specific  requirenents  presented  to  thesi,  until  now  have 
not  been  widespread.  Neveirtheless,  the  principle  of  construction  of  such  range 
finders  may  be  conprehended  frost  analysis  of  existing  systesis. 


Ran^e  finders  belonging  to  the  active  tjrpe  are  based  on  nsasxirement  of  time  of 
propagation  of  radiant  flux  along  a  route,  equal  to  a  doubled  aagnltude  of  the 
measiured  distance. 

If  speed  of  propagation  of  radiant  energy  Is  known  in  a  given  medlua  (a.^.  / 
v  =  ~  t  then  the  measured  distance  may  be  obtained  from  simple  relatlonsnip 

fl 

D=o±^k.  (VII. 1) 

vdiere  k  is  the  correction  constant  of  the  range  finder. 

Characteristic  for  this  form  of  range  finders  is  the  necessity  of  irradiating 
target  with  electroamgnetic  energy  differing  in  eome  manner  from  radiation  of  the 
surroxmding  background.  This  requires  presence  of  special  modulation  of  radiant 
fliix,  i.e.,  change  of  characteristics  of  radiant  flux  in  time.  As  a  rule,  such  a 
change  of  characterlstice  is  based  on  amplitude  aodulatlon,  which  may  be  carried 
out  by  different  devices:  a  mechanical  modulator,  by  pulse  radiation,  or  by  appli¬ 
cation  of  elec troopt leal  Kerr  effect  or  piezoelectric  effect. 

In  the  case  of  application  of  pulse  tubes  for  radiation  of  radiant  flux, 
electrooptlcal  range  finders,  by  analogy  with  radar  technology,  have  obtained  the 
name  of  "light  locators." 

Range  finders  of  the  base  type  pertain  to  passive  systsma,  since  their  work  is 
the  registration  of  radiant  flux  radiated  by  the  actual  target. 

Base  range  finders  can  be  divided  into  internal  and  external  base.  In  the 
first  case  the  base,  with  receiving  heads  located  on  the  edges.  Is  on  the  object 
from  which  distance  is  measured,  in  the  second  case  distance  is  measured  with  respect 
to  a  base  (on  whose  edges  there  are  sources  of  radiation  energy)  located  on  the 
object  to  which  distance  is  measured.  As  can  be  seen,  in  the  second  case  capabilities 
of  a  range  finder  are  limited,  since  it  is  required  beforehand  to  know  dimensions  of 
base. 

However,  in  any  case  it  is  required  to  measure  parallactic  angle  A  (Fig.  711,8), 
included  between  two  lines  of  sl^t  of  end-points  of  the  base. 


Dist&nce  to  object  in  this  csss  3*7  b«  esleuliitsd  Crcm  siaple  ratio 

D  =  ^M,  (VII. 2) 

where  B  is  the  base,  n; 

^  is  the  parallactic  angle,  rdn. 

Work  of  axial  range  flixlers  is  based  on  the  fact  that  erery  point  of  space  at 
distance  L  from  objective  of  range  finder  corresponds  fully  to  a  fixed  point  in  the 
picture  plane  at  distance  L',  where  its  image  will  be  the  sharpest.  Measuring 
distance  L' ,  one  can  determine  also  distance  to  observed  object  from  ratio 


L  I 


.^here  f  is  focal  length  of  objective. 

Axial  method  of  meaeurement  of  distance  has  not  found  propagation  in  military 
technology,  since  displacement  of  picture  plane  during  aeasux'samnt  of  large  distances 
Is  insignificant  and,  consequently,  accuracy  of  meaeurement  of  distances  will  be  low. 
More  or  le^**-  acceptable  accuracy  with  this  method  may  be  attained  during  measurement 
of  distances  smaller  than  (l00-200}f. 

Nevertheless,  during  the  Second  World 
War,  in  Germany  there  was  dereloped  an 
axial  range  finder  for  an  electron-optical 
antiaircraft  sight,  the  "Orel"  (Igal).  In 
this  sight,  focusing  of  target  iamge 
(ixalnescent  point  from  branch  pipes  of 
aircraft)  was  produced  by  shifting  one  of  the  lensea  of  the  projecting  objective. 

This  allowed  them  to  determine  (approximately)  the  slant  range  to  target,  with 
respect  to  angle  of  sight  <-  and  the  height  of  its  flight,  necessary  for  conducting 
sighted  antiaircraft  fire. 

Let  us  consider  more  epeclfically  the  work  of  the  most  proadsing  types  of 


Fig .  VII . 8 .  Parallactic 
angle  during  base  range 
finding. 


range  finders  -  elactrooptical  and  base. 


for  ■'*her  purpps#*. 
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Ll^ht  from  s-’urce  ^  (^ig-  VTI.9)  is 
designed  vi''.h  the  help  of  v*iject.ive  1  and 
senltransparent  mirror  2  in  plane  of 
rotation  of  a  toothed  njodulating  disk  7 
with  quantity  of  teeth  n  and  rovolrlnf; 
with  a  speed  of  N  rpe.  With  the  help  of 
output  lens  3  radiant  flux  froB  the  source  is  directed  by  parallel  beasn  to  r.irror 
surface  5,  ahead  of  which  focusing  objective  L  has  been  located.  Tlie  focusing 

objective  was  established  at  one  focal  length  from  the  mirror,  in  connection  with 

which  / 

'radiant  flux  reflected  from  the  mirror  again  was  collected  by  objective  and  headed 
in  the  opposite  direction  by  parallel  beam  and  was  observed  through  eyepiece  6. 

During  certain  turns  of  the  tootheti  disk  luiinescent  image  of  source  of  light  in 
reflected  beams  disappears.  At  this  instant  the  distance  to  mirror  may  be  determined 
from  relationship 

(VII. 4) 

where  c  is  speed  of  light  (c  =  3*10^^  cffl/sec). 

From  the  operating  principle  of  Fizo’s  device.  It  follows  that  an  electro- 
optical  ramge  finder  (Fig.  VII. 9)  should  include  the  following  basic  units:  a 
source  of  radiation  energy,  a  modulating  device,  an  optical  system  sending  modulated 
radiant  flux  in  the  needed  direction,  a  receiver  of  reflected  radiant  flux,  a  device 
for  r.easurem'*nt  of  propagation  time  of  slgrial,  and  a  surface  reflecting  the  optical 
signal  in  the  opposite  direction. 

Durtiig  development  of  ar  electrooptical  range  finder  for  any  aaaigmsnt  two 
basic  requirements  are  presented  it;  guarantee  of  necessary  range  and  needed 
measurement  accuracy  of  this  distance. 


Fig.  VTT.9.  Diagrrja  of  the 
experiment  of  Pizo. 
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4nc  ftbscrpller  cf  radiation  an^raT  in  *h«  aiwi  » h» 

reflecting  surface  o'"  the  tarjtet,  irhoae  site  c«i  Tm.rj  in  wld«  lisiits  and  cannot  be 
considered  beforehand  when  desi^lni;  the  range  flndar-  Therefore,  the  source 
strength  of  the  radiant  energy  aust  be  taken  irith  known  supply.  In  this  respect  It 
is  more  profitable  to  use  infrared  beams,  since  they  better  pass  through  the 
atBiosphere  and  have  higher  reflectivity  from  the  majority  of  metallic  surfaces. 
Furthonnore,  their  application  to  a  lesaer  degree  uncovers  the  work  of  the  range 
finder. 

Guarantee  c  f  needed  accuracy  io  ffleasurensnt  of  distance  to  target  nay  be 
carried  out  by  selection  of  corresponding  characteristic  of  radiant  flux  aDQulation 
and  by  the  application  of  special  devices  for  awasuring  very  small  time  Intervals 
(of  the  order  of  microseconde). 

Prom  the  view  point  of  fon-ing  an  optical  signal  radiation  energy  may  be 
characteriaed  by  frequency,  phase  of  oscillations,  and  their  magnitude  (amplitiido). 
Up  to  now  amplitude  modulation  has  had  practical  application  In  range  finders  for 
forming  signal. 

For  the  purpose  of  changing  Intensity  of  radiant  flux  in  range  finders  there 

arrl ied/ 

are , Mechanical  modulators,  pulse  tubes,  elect rooptical  Kerr  effect,  piezoelectric 
effect  and  the  phenomena  of  diffraction  and  interference  of  radiant  flux.  All  of 
them  have  found  sufficiently  wide  application,  especially  In  geodesic  eloctrooptlcal 
range  finders. 

Accuracy  of  distance  measurenent ,  as  this  follcTws  from  modified  expression 
(VII. 4)  c  =*  4DNn,  is  proportional  to  the  frequency  of  modulation  of  radiant  flux 
(Nn).  Furthermore,  in  practice  it  is  established  that  operational  accuracy  oi'  a 
range  flrtddr  is  It.creased  as  the  law  of  modulation  approaches  harmonic. 
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of  pjls*  elect pooptlcal  ran^re 

finder,  merit,  wheins  very  hi/^h  accuracy  of  dietanie 

measurement  is  not  required ,  pulse  modula¬ 
tion  is  applied.  Application  of  pulse  tubes  has  one  important  advantage,  as  compared 
to  sources  of  constant  radiation,  and  that  is  namely;  with  small  average  power 
consumed  by  tube  from  power  source,  the  pulse  energy  may  be  very  great. 

We  will  consider  the  work  of  such  a  pulse  electrooptical  range  finder,  for 
example,  an  American  range  finder,  developed  in  the  United  States  in  i%8.  The  range 
finder  (Fig.  VII. 10)  was  designed  for  measuroment  of  distances  up  to  4550  m.  As  a 
source  of  radiant  flux,  a  pulse  tube  served,  creating  pulses  of  light  1  u  in 
duration  at  a  pulse  recurrence  frequency  of  20  imp/sec. 

Pulse  tube  2,  placed  in  the  focus  of  parabolic  mirror  3,  lo  lit  by  source  of 
supply  1.  At  flash  of  tube  simultaneously  sweep  generator  5  is  started,  creating 
on  electron-beam  tube  6  a  horizontal  sweep  trace. 

Reflected  from  target  4,  the  ray  with  the  help  of  parabolic  reflector  ^Jid  flat 
mirror  7  heads  through  diaphragm  8  and  objective  9  to  photocathode  of  enlarger  10, 
After  preliminary  amplification  11  the  appearing  current  pulse  head:,  to  the  amplifie 
of  vertical  deflection  of  the  ray  of  the  electron-beam  tube.  As  a  result  on  the 
horizontal  sweep  trace  will  appear  a  vertical  mark  of  reflected  pilse  of  radiant 
flux. 

Since  the  beginning  of  cno  sweep  coincides  with  the  moment  of  light  pulsing, 
then  the  distance  from  the  beginning  of  the  to  the  vertical  pulse  w i  i .  he 

proportional  to  the  time  of  passage  of  signal  or  doubled  distance  to  target. 


con«id«TW  ll4|rr«?!  -f  •  r4JVt«  finder  ■i04i«ure(B«n:  of  3l8t.*/ire 

wl’h  1.82  HI  precisian  both  at  rl^ht  and  by  dAy;  howaTsr,  In  the  latter  caee  accvTfe  y 

wae  worse. 

Electrooptical  ran^e  flndera,  in  spite  of  the  poeslbility  of  obtaining,  with 
their  help,  high  accuracy  of  distance  neasureBent ,  due  to  their  actire  principle  of 
operation,  reveal  their  own  work  as  do  radar  range  finders.  T*he  work  of  electro- 
optical  range  finders,  to  a  signlficaiit  degree,  depends  on  the  tine  of  day  and  the 
state  of  the  atisoephere .  The  low  reflectivity  of  surfaces  of  the  majority  of 
military  objects  also  requires  application  of  very  powerful  sources  of  radiation 
for  covering  large  distances. 

In  this  respect  more  profitable  are  passive  base  range  finders,  If  it  is  not 
necessary  tc  obtain  very  high  accuracy  during  measurement  cf  diota/icss. 

In  stations  of  fire  control  of  greatest  interest  are  internal  base  range  finders, 
since  their  base  enters  in  the  structural  dimensions  and  is  always  exactly  known. 

Such  range  finders  have  to  Include:  a  receiving  head  with  sensitivity  in  the  range 
of  wave  lengths  of  the  radiation  of  the  target,  a  suemiing  calculating  unit,  and  a 
distance  indicator.  Receiving  heads,  located  on  the  edges  of  the  base,  are  the  most 
responsible  elements  of  the  diagram,  since  their  accuracy  in  deten&lnlng  angular 
coordinates  gives,  in  the  end,  accuracy  in  detemlning  distance  to  target, 

do 

TT^T-  (VII. 5) 

This  is  especially  important,  if  one  considers  that  the  magnitudes  of  the 
parallactic  angle,  subjected  to  measurement,  are  minute  (Table  VII.l). 
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Sniall  values  of  measured  parailacLic  angle,  not  exceeding  several  minutes  in 
magnitude,  lead  to  the  fact  that  base  range  finders  have  to  be  extraordinarily  exact 
goniometrical  Instruments,  protected  from  external  influences;  halcing,  shocks, 
chartgea  of  temperatvne .  They  also  have  to  have  a  very  high  rigidity  of  base.  There" 
fore,  besides  the  named  basic  elements,  base  range  finders  have  to  include  addi¬ 
tionally  a  whole  series  of  devices  conpensatlng  for  these  external  influences. 

If  tne  probiea-  of  compensating  for  errors  due  to  external  influences  fcr 
stationary  base  range  fifiders  (ground  and  ship)  is  solved  at  the  expense  of  compli¬ 
cating  the  design  or  increasing  weight  and  dimensions,  then  for  range  finders  of 
aircraft  stations  of  fire  control,  where  dimensions  and  weight  play  sometimes  a 
decisive  value,  solution  of  it  is  very  complicated.  In  literature  there  is  no 
information  about  developsent  of  infrared  range  binders  for  aircraft  Interception 
stations.  Inasanich  as  the  accuracy  of  work  of  optical  range  finders,  in  the  first 
place,  depends  on  the  accuracy  of  measurement  of  minute  parallactic  angles,  very 
useful  for  those  targets  can  be  receivers  with  lateral  photoeffoct,  considered  in 
Chapter  V.  High  jccuracy  of  neasurement  of  angular  target  position  data,  reaching 
to  hxindredths  of  angular  seconds,  allows,  with  this  swthod,  measurement  of  small 
parallactic  angles  during  the  use  of  short  bases.  This  significantly  will  increase 
rigidity  of  the  system  and,  consequently,  will  lower  the  requirement  for  compensating 
diagrams,  wi.ich,  in  turn,  will  simplify  the  range  finder. 


4'  -  -/-•rj. 
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gunsight  with  4  ruige  grid  expr«u8«d  tn  thousandth  fractions  of  distance. 

The  gunner,  by  the  silhouette  of  the  target,  determines  Its  diisenBlons  and  by 
the  quantity  of  scale  divisions  packed  in  the  diawnsions  of  the  target,  detent Inea 
the  distance  to  it  by  the  formila 

D^-^IOOO  M.  (VII. 6) 

Such  a  method  is  very  siapls  in  use  and  is  graphic,  but  contains  large  errors 
due  to  the  absence  of  exact  data  about  the  actual  dimensions  of  the  measiured  base 
and  the  inaccvtrate  ueasureaent  of  the  angle,  especially  at  large  distances.  There- 
force,  accuracy  of  measursBient  of  distance  to  target  constitutes  a  sMgnitude  of 
the  order  of  15^  and  snre. 

A  type  of  external-base  range  finder  may  be  a  devdce  for  deteralnlng  distance 
between  two  of  one's  own  objects,  marked  sources  of  infrared  rays,  delivered  to  a 
known  distance. 

The  principle  of  work  of  such  a  range  device  is  babied  on  wedge-type  compensation 
of  shift  of  image,  well-known  in  optics  (Fig.  VII.ll), 

If  on  an  obJectiTS  drops  a  parallel  beam  of  light,  then  in  its  focal  plans  is 
obtained  an  image  of  the  source  (point  A).  If,  however,  now  we  place  befbre  the 
objective  an  optical  wedge,  then  it  will  cause  slope  of  besa  to  angle  4— (/i— ])a  »  as 
a  consequence  of  which  the  image  of  source  will  shift  and  will  eorresponu  to  the 
position  of  point  B  in  the  focal  plane.  With  this,  distance  Is 

AS  hirin’-  1)>.  Cvn.7) 

where  f  is  focal  length  of  objectiye. 

If  the  wedge  is  in  the  form  of  a  thin  truncated  cylinder,  then  during  its 
rotation  around  optical  axis,  displacement,  haring  horlsontal  and  vertical  oomponente, 

D  . 
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wi .  .  b#  rropnrtlonel  to  the  *nnl«  of  rotation  of  Me<1|tee  (f  ). 

This  property  of  the  rerolrlrv^  wedfe  mey  be  used  for  coapensatlcn  of  parallactic 
an^tle  in  ai  external -base  ran^e  finder. 

The  principle  of  conatruction  of  such  a  range  finder  may  be  coii»pi*ehended  from 
Fig.  VII. 12. 


Pig.  VII.  11.  Principle  of  Fig.  711.12.  Diagram  of  the  arrange- 

actlon  wedge-type  compensator.  ment  of  a  wedge- type  range  finder, 

KETf  (a)  Eyepiece. 

From  the  external  side  of  objective  1  of  electron-oprtical  instrument  2  there 
are  established  two  Identical  wedges  connected  by  conical  transmission  5«  With 

the  help  of  this  transmission  their  potation  to  opposite  sides  is  carried  out.  The 
wedges  have,  ir  the  center,  a  hole,  through  which  radiant  flu  .  from  one  of  the 
infrared  sources  limiting  the  external  base  proceeds  to  objective  1  and  then  to  the 
phctocathode  of  the  image  converter  2. 

Image  of  source  a  on  the  screen  of  converter  6  is  combined  with  the  center  of 
cross  lines,  which  Is  the  mark  of  the  optical  axis  of  the  instrument.  Image  of 
another  soui^se  b  is  projected  on  the  photocathode  by  means  of  two  wedges.  If  the 
wedges  are  located  strictly  in  opposition,  then  they  form  a  plane- parallel  plate, 
and  the  distance  between  the  two  images  exactly  corresponds  to  the  siagnitude  of  the 
parallactic  angle  at  which  the  external  base  is  visible  to  the  instrusent. 


**  of  ‘.he  gr  "^v  ‘.rW  ot'wo-jT^  th,rT:‘4|rr  '-P#  ’Nr.««  If  '.n* 

'M*  pc«l*lor,  or  *h«  icpwer  rf  t.h«  -on»^r*.«r  aaj  &«  Mrte*<3  by  »  T«r*l''«.  , 

vith  which  'h«r«  !•  produced  a  covblMtion  of  of  th«  ■•cond  •ourc*. 

The  AJi^Ie  of  rotetlon  of  wedges  :f  utti,  coneequentiy,  of  the  h4ndle,  cn  which 
cftn  be  drawn  dlrlslone,  la  uaed  for  calibration  of  Inatnaent  with  respect  to 
distance , 

n  _ _ £ _ 
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where  (po  is  initial  adjusting  angle  of  wedges. 

As  can  be  seen,  such  a  method  of  sMasuring  distance  is  retry  simple  and  does 
not  require  special  skills,  hotnver,  in  it  also  la  inherent  error  from  the  possible 
change  in  dl'sension  of  base.  Therefore,  it  may  be  used  trhere  high  accuracy  of 
distance  measurement  is  not  required. 

3 •  Protectire  Interlocks 

Pbr  the  purpose  of  increasing  reliability  of  protaetioT.  of  certain  objects 
important  In  a  military  relation,  interlock  of  passages  and  cartaln  sections  of  the 
site,  when  rlsual  obserration  for  any  reason  Is  hampered,  an  autoaiatlc  photo- 
electronic  eaiergency  signal  (APhES)  is  used. 

In  its  principle  of  action  APhES  equipnent  may  be  paaslve  and  actire. 

In  the  first  case,  the  object,  Intersecting  the  interlock  line,  is  revealed  by 
special  equlpnent  at  the  moment  it  appeal's  in  the  field  of  sight  of  the  receiving 
device,  either  by  thermal  radiation  of  the  object  or  by  contrast  betwean  the  object 
and  the  background.  Such  a  fbns  of  Interlock  fbund  application  aven  during  the 
years  of  the  Flret  World  War.  An  example  can  be  the  blocking  of  the  entrance  to 
the  Harbor  of  Ostande  with  the  help  of  the  simplest  thermal  direction  finder, 
recording  the  entrance  into  the  harbor  of  ships  by  tha  radiation  of  their  atacks. 


In  the  ca»e  of  an  active  pi’inciple  of  operation,  the  ^^rded  object  la  aai^racod 
alon^?  a  reriiBeter  by  a  contlnuoua  rln^  of  infrared  rays,  the  intersecting  of  which, 
in  any  place,  causes  a^'i  alam  signal.  Such  a  systea,  consequently,  should  consist 
of  sources  of  infrared  rays,  receiving  devices  »rt.th  ariplifiers  of  photocurrents, 
and  a  systeai  of  relay  includlrs  the  necessary  Indicator  instnaient. 

Soiirce  of  radiation  usually  is  an  electrical  Incandescent  lanp  placed  in  the 
focus  of  an  optical  systea,  foralng  a  rociant  flux  with  a  very  ssiall  angle  of 
divergence.  The  laap  is  covered  by  an  infrared  filter,  but  in  order  to  exclude  the 
effect  of  background  radiation  and  to  sisplll^  amplification  of  photocurrent  in 
the  receiving  device,  radiant  flux  on  the  output  of  the  radiator  is  oodulated. 

Emitter  (VII. 13)  consists  of  a  stand,  a  tube,  and  a  siodulator.  For  exact 
alignment  of  ray  in  the  direction  to  the  receiving  device  the  stand  has  two  pairs 
(stop  and  rlcrcnetric)  of  screws  for  coarse  and  exact  aiming  [13]. 

In  the  tub  are  placed  the  psrisn  lens  and  the  infrared  filter.  Focusing  of 
radiant  flux  is  carried  out  by  displacemer.*.  of  lamp  relative  to  prianj-lei.«.  The 
incandescent  lasnp,  12  7  K  15  u,  is  supplied  by  lowered  voltage  11  v  for  the  purpose 
of  increasing  reliability  in  work.  Modulation  of  radiant  ’lux  Is  carried  out  by  a 
disk  with  12  holes,  revolving  with  a  speed  of  yx>j  rpm. 

The  receiving  device  (VII. 14)  constitutes  a  hlgh~sensitivity  photorelay, 
consistlj^g  of  a  photocell  and  a  three-vacuun^tube  amplifier  of  alternating  current, 
tuned  to  a  frequency  of  600  epe  with  an  amplification  factor  of  the  order  of  10^. 
Proceeding  throtjgh  inlet,  the  riullant  flux  !«■  focused  by  lens  on  the  photocell, 
exciting  in  it  photocurrent .  For  the  purpose  of  decreasing  fatigue  of  photocell 
by  daylight  the  entrance  window  is  simultaneously  an  infrared  filter. 

Intensive  current  Joins  the  coil  of  the  output  relay, which  locks  the  contacts 
of  the  winding  of  the  power  supply  of  the  intersiedlate  relay  on  the  shield  of  signal 


reception . 


Upon  intersection  of  the  rajr  \jj  en 

opeque  object  the  photocurrent  ceeeee, 

dieconnecting  the  output  relay,  tdilch,  in 

turn,  dieconneeta  the  Intemedlate  relay. 

This  cauaee  appearance  of  the  alam  signal 

and  Itaineecence  of  a  corresponding  section 

on  the  laap  register.  Chareeteristie  for 

this  design  is  the  fact  that  the  winding 

of  the  Inteneedlate  relay  is  always  under 

euirent.  Therefore,  Itsainescence  of  the 

corresponding  sone  on  the  laap  register 

occurs  both  in  the  case  of  disturoance 

of  sone  and  upon  the  appearance  of  a 

fault  in  any  circtilt  of  the  design. 

If  it  is  neces8ai7  to  deteraine 

Fig.  711.13.  APhES  Skitter  direction  of  penetration  of  forbidden 

IKO-6: 

1 — ll^t  filter;  2..^prl8a-lene;  sone,  then  there  are  established  two 

3— disk  of  modulator;  4 — electrical 

motor  of  modulator,  12  v,  3,000  rpn;  parallel  lines  of  infrared  rays.  In  this 
5 — Isnp,  12  V,  15  w;  6  no Ting  ring 

of  focusing;  7— stop  screw  of  aorlng  esse  the  order  of  Itatlnescsnce  of  light 
ring. 

lines  of  the  register  tedtifies  to  the 
direction  of  penetration  of  sone. 

When  blocking  penetrations  or  protecting  ailltary  objects  of  great  ralue  io 
well  considered  and  carried  out  camouflage  of  equipment.  With  this  goal  it  Is 
made  small-slse  and  rei^y  reliable  in  work,  in  order  not  to  require  checks  and  repair 
for  a  prclcngsd  tlsiD. 

An  example  of  such  equipment,  intended  for  blocking  penetrations  through  a 
bourdary,  strategic  crossings,  roads,  bridges,  mine  barrlsrs,  airports  and  air  bases, 

and  storehouses  of  ammunition  and  materiel  is  the  infrared  barrier  equipment,  L  -80, 
developed  by  the  7fT  firm  (France)  [4). 


The  I  ~dO  equiptent  conalets  of  an 
emitter  of  Infrared  rajs,  nodulated  with 
a  frequency  of  ^0  cpe,  and  a  receiving 
head  with  aaplifier  and  signal  apparatus. 

A  source  of  radiation  (lamp  2.5  v  X 
X  0.3  aap),  covered  by  an  infrared  filter, 
is  disposed  in  focus  of  a  .lens  80  bb  in 
diameter.  Modulation  of  radiant  flux  is 
carried  out  by  electrical  method,  by  means 
of  supplying  to  the  lamp  one  half-period 
of  altenmating  voltage  with  a  frequency 
of  50  cpe.  Such  a  form  cf  modulation  of 
radiant  flux  ensures  full  nolselessness 
of  woric,  which  is  necessary  in  oider  to 
guarantee  concealment  of  the  ^plication 
of  optical  blocking. 

Entrance  window  of  the  receiving 
device  is  a  lens  80  bk  in  diameter,  in  the  focus  of  which  is  disposed  a  photocell. 
Photocurrent  moves  to  entrance  of  two-tube  amplifier  of  alternating  current,  turned 
to  a  frequency  of  50  cpe. 

The  range  of  the  "emitter-receiver"  systssi,  with  a  reserve  for  guarantee  o.' 
reliability  of  work  in  bad  weather  conditions,  constitutes  500  a. 

In  a  case  of  disturbance  of  guarded  space  the  receiving  device  passes  a 
coimiand  to  the  signal  inatnm»nt,  on  which  a  red  alarm  light  lights  and  a  bell  starts 
to  rir.g.  To  stop  the  alarm  signal  and  a  repeated  starting  of  the  circuit,  there  is 
a  special  switch. 

The  supplying  of  power  to  the  equipsont  is  carried  out  through  step-down 

transformers  frosi  a  power  network  of  110,  125  ,  220,  and  25"  v.  Total  consur,  tion  of 
"p.orpy  is  20  w. 


Fig.  Vlx  14.  APi'.eS  Seceivor; 

1 — stop  screw  of  horlsontal 
aiming;  2-HBleraaMtric  serev 
of  horizontal  aisdjrtg;  3 — screw 
of  elevation;  4— terminal  of 
connection  of  control  still iasmietsr; 
5—— safety  device;  6— teminal  of 
groimding. 


U.  CoMwaiiotlpn  in  Outer  Smc* 


In  the  conditiona  of  the  terraatrlAl  ataosphars  coeaninicatiore  on  infrared 
rajrt  haa  liatltad  application  and  eignificantly  jrialda  in  ran^e  to  radio  coaRuni- 
cations.  With  increaae  in  hel(ht  the  effactivaneaa  of  using  optical  awona  of 
cooBiuni cation  continuoualy  frown.  Outaide  the  terreatrial  ataoaphare  infrarsd 
neana  of  cosBiunication  not  only  do  not  jrield  to  radio,  but  have  a  practicalljr  u:  • 
lijRlted  range. 

Suecsanes,  attained  in  the  region  of  aiasterlng  outer  space,  again  set  the 
problMs  of  couBunicating  on  infrared  rays  as  a  subject  of  theoretical  and  experi- 
aental  research. 

Interest  toward  such  a  fora  of  caoBunleation  is  not  accidental,  since  this 
connunication  has  a  series  of  advantages,  as  compared  to  radio  cceBtunicatione . 

1.  The  spectrum  of  infrared  radiation  is  sufficient  for  dlfttribution  of  many 
millions  of  conaninication  channels. 

2.  Coonunication  on  infrared  rajs  In  outer  apace  allows  the  uae  of  solar 
radiation  or  heat  given  off  inside  the  spaceship  ae  a  source  of  energy  of  carrier 
frequency. 

3.  The  necessity  for  special  tranasd tiers  drops,  only  modulators  of  radiation 
energy  are  required. 

4.  A  sharp  decrease  in  wavs  Isngth  of  radiated  energy  allows  the  use  of 
BBiall-slse  optical  systems  with  very  high  directivity  of  radiation  (it  is  aaetaed 
possible  to  obtain  rays  *fith  an  angle  of  the  order  of  10”^  rcn). 

5.  With  Licrease  directivity  ol  radiation,  at  a  given  diameter  of  optical 
systesie  the  power  of  the  tranamitter  decreases  reciprocally  to  the  square  of  the 
wave  length. 

Theoretical  calculations  show  that  for  cosmtunication  between  Earth  and  Mars, 
with  the  application  of  coherent  radiation  of  a  quantimMsschanical  generator  of 
optical  range  and  a  sensitive  element  with  an  equivalent  power  of  noless  10~^'^  w/cpe 


(w-9ec)  at  a  1  m  apertura  of  optica  and  a  transBlaelon  speed  of  10^  binary  elanenta 
per  second,  average  power  of  100  w  ia  neceaeaiy. 

However,  during  de  'elopnent  of  cosnunlcatlon  syeteBUs  on  infrared  rays  it  ia 
necessary  to  meet  at  present  a  aeries  of  problaoiatic  questions.  The  main  ones  are: 

a)  Creation  of  coherent  optical  generators  and  amplifiers  and,  in  particular, 
quantum-mechanical j 

b)  Development  of  syatefBs  of  exact  tracking  to  guarantee  a-rict  mutual 
directivity  of  transmitting  and  receiving  devicas; 

c)  Development  of  the  technology  of  manufacturing  inexpensive  optical  eystems 
with  very  rigid  requirements  with  respect  to  allowances  In  their  manufacture. 

A  complicated  problem  is  also  the  direct  test  of  models  of  equipment  in  outer 
space.  Kamely,  t.  ereforo,  the  question  of  application  of  infrared  rays  for  ccammni- 
cation  in  spmcs,  as  yet  has  not  emerged  fxwjm  the  framework  of  theoretical  research, 
although  it  is  considered  very  proadsing.  Questions  of  the  adjustment  of  certain 
elements  and  general  block-diagrams  of  equipment  for  consunl eating  on  infrared  rays 
are  an  exception. 

It  is  known,  for  Instance,  that  the  Farrand  Optical  Co.  Inc.  worlca  on  the 
creation  of  Incoherent  sources  of  radiation.  Thus,  developed  by  this  firm,  a 
spark  source  of  light  with  a  11  am  diameter  gives  a  brightness  of  UO’IC^  cp/cm^ 

(more  brightness  than  the  Sun)  and  may  be  used  in  systssw  of  coamunication  with 
pulse  modulation.  This  firm  suggests  the  use  of  continiious  radiation  a  source 
of  infrared  rays  as  a  carrier  frequency,  modulated  by  sinusoidal  oscillations  with 
lower  frequency. 

Tn  Table  VII. 2  are  presented  certain  optlnvD  jjroperties  of  sources  of  radia¬ 
tions,  which  can  be  used  for  optical  coemnmicatlon,  and  in  Table  VIl.3  —  opitimvn 
pu*op>ertlos  of  sensitive  slsswnts,  intendsd  for  these  purposes. 


Table  vil.2.  Optiwt  Prc.pertles  of  Sources  of  lUdlAtion  for  Purposee  of 

Optical  CoBBTOnicstlon  (5#  6,  7]. 


Source  of  Radiation 

Power, 

w 

Bandwidth, 

cps 

In  pulse 

Average 

Inp^t 

Output 

Total 

«>du- 

Latlon 

Carbon  arc 

10*^ 

10*7 

3 -103 

1.5*103 

10l5 

10® 

Other  foroiB  of 
discharge 

3 ‘10® 

10^ 

1 

10^5 

10® 

Reflected  sunlight 

10*^ 

10*^ 

— 

icP 

5*10^ 

10® 

Mercury  arc  of  high 
pressure 

10^ 

10*^ 

icP 

5-102 

10l5 

10® 

Quant  UB-nec  hanl  cal 
generator  of  optical 
range 

5*10^^ 

5-10^ 

103 

10^ 

1 

10^ 

10^ 

Table  711.3.  Optlnnaa  Properties  of  Receivers  [5,  6,  7]. 


Sensitlre  elesMnt 

Equivalent 
Power  of 
Hoise, 
w/cpe 

Bandwidth  cf 

Sanrler, 

cpe 

1  Bandwidth  of 
Modulation, 
cpe 

Thensal 

10“13. 

iqI^ 

Photo resistor 

10“^ 

iqI^ 

— 

Huaan  eye 

10“16 

3  10^ 

10 

Photocell  with 
quantuB-nechanical 
anpllfler 

10-17 

lol^5 

lo’ 

E^arger 

10-17 

10l5 

10® 

Detector  of  ehf 

2 -10-^3 

lo’ 

lo’ 

QuantiaHBechanical 
amplifier  of 
optical  range 

10-13  1 

10® 

10® 

A  block-dia^jraa  of  one  of  the  ejeteBs  of  coeaivinicetion  on  infrared  rajs,  SOCOM, 


iereloped  by  the  fim  Electro-Optical  Systeae  [5,  6,  7]  le  shown  in  Fig.  VII. 15. 


Fig.  VII.  15.  Block-dla^raa  of  a 
receiver  and  a  transnitter  of  the 
SOCOH  systea . 

1— collecting  antennal  2— optical 
modulator:  3— transHtlttlng  antenna; 

4 — servxsoiechanlaai  5— iubaodulator; 

6— source  of  (supply;  V—infonaation 
processing  unit;  d— receiving  antenna; 
9— detector  of  cairler;  10— detector 
of  subcarrier  frequency. 

K-Tj  (a)  Solar  radiation;  (b)  Output; 
(:)  Support  signal;  (d)  Error  signal; 
(e)  Input  of  information;  (f)  Trans¬ 
mitter;  (g)  Received  signal,  (h) 
Receiver, 


Tracing  the  sun  is  done  by  a  special 
wave  lengths  O.f*-!*!  ^  • 


In  the  SOCC^  systeai  for  tranamission 
of  infonatlon  an  optical  range  of  solar 
radiation  is  used  as  carrier  frequency. 

The  transmitting  and  receiving 
antennas  c'^nstitute  a  systsoi  of  mirrors 
witn  variable  orientation,  allowing 
collection  of  solar  energy  at  any  angle. 

In  the  tranmnitter  solar  radimticn 
accmmlates  and  is  foxwd  into  a  narrow 
beam,  which  then  is  passed  through  the 
nodnlator.  A  modulating  signal  is  created 
after  passage  of  information  through  the 
data  processing  unit  and  subandulator . 

After  modulation  the  coded  signal  proceeds 
to  the  transmitting  adrror  for  transadsslnn 
to  surrounding 

watching  device,  sensitive  in  range  of 


Transmitted  radiation  is  picked  up  by  receiving  antenna,  in  the  focus  of  which 


is  disponed  a  sensitive  element.  After  passage  of  corresponding  processing,  signal 


proceed?  to  output  device  for  reproduction. 

the  statoannt  of  the  firm,  the  tranmiltter,  weighing  13-13  kg,  consuses 


power  of  10-15  w.  It  is  ejqwcted  that  dio'lng  transmission  of  signals  to  a  distance 

6  7  2 

of  10  -10'  km  with  mirrors  1  m  in  area  and  passband  of  10  cps,  the  signal- to-noise 
ratio  is  equal  to  10  db.  This  ratio  can  be  increased  as  much  aa  10  times  by  cooling 
of  the  photosensitive  elesMnt. 


5  =  Prerention  of  MldAlr  GclllBl&na  of  Aircraft 


During  flights  st  grsst  hsights  «rlth  cloodlsss  sky  or  shore  orercsst,  s 
phenognenor  >cctir8,  known  ss  '^jopls  of  rscutx"  [S].  In  this  csae  s  pilot  with 
normal  slgiit  suddenly  becoMS  nearsighted,  and  his  eyes  will  focus  at  a  distance  of 
no  more  than  two  Deters. 

If  one  considers  that  observation  conditions  of  air  targets  at  groat  heights 
ar*  hampered  by  the  dark  baekrrouno  of  the  firmament  and  very  little  scattering 
of  sxmlight,  then  the  Importance  is  tnderetcod  of  solving  the  problem  of  early 
detection  of  encountered  aircraft  for  prevention  of  collisons.  Furthermore,  on 
contemporar;’  aircraft,  and  especially  on  Jets,  the  pilot  is  forced  to  sj^snd  mors 
than  half  of  the  time  on  obaarvation  of  Instxnmmnts  on  the  instniaent  panel  in  ths 
cabin  and  cannot,  therefore,  allot  uuch  time  to  surveying  the  space  outside  the 
cabin. 

These  peculiarities  of  the  work  of  the  pilot  in  high>altitude  and  high-speed 
machines  dmnanded  the  creation  of  special  equlpasnt  for  the  prevention  of  midair 
collisions. 

According  to  tnfonnatlon  availsble  in  literature  [9,  10,  11]  such  equlpnent 
should  consist  of  both  an  indicator  of  approach  of  another  aircraft  and  of  a  complex 
automatic  system  for  preventing  collisions  of  aircraft. 

The  indicator  is  designed  to  warn  pilot  about  presence  in  the  air  of  another 
aircraft.  Its  indications  must  be  easily  read,  since  for  the  pilot  they  are  the 
only  warning  of  possible  danger,  after  which  the  pilot  concentrates  his  attention 
in  the  direction  which  the  instrument  indlcate.i  and,  after  being  convinced  of  his 
threatened  position,  starts  a  corresponding  asneuver.  In  connection  with  this  the 
indicator  of  approach  is  most  useful  during  good  weather. 

A  system  of  preventing  midair  collisions  should  reveal  approaching  aircraft, 
f, versed  obtained  data,  dete.mlne  if  both  aircraft  are  on  threatening  courses,  reject 


infomatlor  about  nondangerous  aircraJTt  and  indicate  to  pilot  the  correct  maneuver. 

Thft  system  should  continuously  analyse  danger  created  by  every  approaching  aircraft 
and  not  require  the  attention  of  the  pilot  until  there  is  a  necessity  to  maneuver. 

Prce-space  range  of  approaching  aircraft  at  a  height  of  3»000  with  a  90^ 

probabil  Ity  of  detection  was  fixed  for  lo»^epeed  aircraft  (speeds  of  flight  up  to 
5*10  km/hr)  at  3.2  km  and  for  high-speed  (speeds  of  flight  over  550  kn/hr)  at  13  k». 

This  distance  should  be  ensured  in  a  son#  ±  240  m  in  height  relative  to  the 

height  of  flight  of  the  protected  aircraft,  since  the  mlnlansB  difference  in  flight 
altitudes  of  separate  aircraft  la  taken  as  300  n. 

By  1957  there  were  developed  and  published  abroad  two  baaic  designs  of 
indicators  of  approach.  These  systems  use  the  principle  of  registering  infrared 
radiation  of  approaching  aircraft  or  registering  laodulation  of  infrared  background 
of  the  atmosphere  either  by  the  propellers  of  the  aircraft  or  by  the  turbulence 
of  gas  flux  behind  the  Jet  noxsle  exit. 

The  first  design,  which  gives  the  pilot  only  the  course  angle  to  the  approaching 
fcircrait  consists  of  a  receiver  of  radiation  In  an  azimuthal  jslane,  two  receivers 
of  radiation  in  upper  and  lower  hssdspheres,  an  indicator  on  the  inatnaient  panel, 
and  a  power  supply  unit  with  a  data  converter. 

Receivers  of  radiation  are  established 
on  the  fuselage  of  the  aircraft  to  ensu  ^ 
obtaining  the  antenna  radiation  jjattem 
ahown  in  ?ig.  VII. 16. 

The  azimuthal  receiver  of  radiation 
conalsts  of  a  revolving  mirror  Inclined 
at  a  45**  angle,  and  an  optical  system  in 
whose  focus  is  disposed  an  uncooled  lead  sulfide  photoresistor.  The  projecting  part 
of  the  azimuthal  receiver  is  placed  in  a  hemispheric  dome  9,2  cm  in  diameter.  Search 
for  aircraft  is  carried  out  by  a  15**  band  at  a  360*  angle  with  a  speed  of  30  rpm. 


Pig.  VII. 16.  Survey  zones 
of  eqtii patent. 

KKT:  (a)  Miles;  (b)  Feet. 


MinljmiD  rang«  of  the  ftsimuthal  receiver  depends  on  the  type  of  spproAching  Aircraft, 
its  foreshortening,  and  the  state  of  atmosphere,  axul  attains  kn. 

Receivers  of  the  upper  and  lower  heeilspheres  coneist  of  uncooled  lead  sulfide 
photoresistors,  mosaic  type,  covered  by  a  dome  lens. 

All  three  receivers  are  united  through  the  data  converter  with  a  switch 
Indicator  75  »k  in  diameter.  On  the  glass  of  the  Indicator  is  drawn  a  silhouette 
of  the  aircraft.  A  pointer  is  attached  to  a  revolving  disk,  whoss  front  side  is 
broken  down  into  four  quadrants  for  signalling  the  pilot  that  the  approaching 
aircraft  ie  in  one  of  the  following  positions  relstlve  to  his  aircraft:  on  the 
right,  on  the  left,  above,  or  below.  Behind  the  disk  is  placed  five  tubes,  one 
of  which  fin  the  center)  is  connected  %fith  the  aslsnithal  receiver,  and  the  other 
four  with  the  corresponding  hssdspherlc  receivers. 

When  Infrared  radiation  from  the  approaching  aircraft  hits  the  asiauthal 
receiver  the  pointer  of  the  indicator  instrosent  will  turn  synchronously  with  the 
turn  of  the  mirror  and  will  indicate  its  course  sngle,  and  the  central  tube  will 
start  to  blink  with  a  frequency  of  1-2  cpe.  If  the  nearing  aircraft  is  in  the 
dangerous  240HBeter  sons  in  height,  then  the  tube  lights,  illmslnating  the  corre¬ 
sponding  quadrant  of  the  instnsMnt,  which  allows  the  pilot  grsphically  to  determine 
where  the  approaching  aircraft  le:  on  the  right  or  on  the  left,  above  or  beneath 
hie  aircraft. 

There  are  two  other  varieties  of  similar  design. 

One  of  thmn  anticipates  inatallatlrn  on  aircraft  of  special  Infrared  eedtPers 
of  circular  action,  which  allow  an  increased  rsnge  and  noise  iivunity  of  the 
Indicstor  of  approach  but  anticipates  installation  of  additional  equipseat. 

In  the  second  nodification,  in  the  tail  part  of  the  aircraft  is  established 
a  controlled  television  earners.  After  the  pilot  obtains  warning  of  the  preeence 
of  another  aircraft  in  the  rear  hemisphere,  he  can  turn  on  the  television  camera, 
direct  It  in  the  direction  of  the  nearing  aircraft,  and  observe  on  the  screen  of  an 
slectron-beaa  tube  the  air  altuation  created. 


Flxperla«ntal  check  of  thle  design  shoved  that  s  four-engine  aireraft  is  r  - 
vealed  from  diatancoe  *t  which  it  had  not  been  seen  In  an  optical  instnsaent  aith 
fouri'old  magnification. 

In  one  of  the  oesigna  of  the  Indicator  of  approach  uncooled  lead  sulfide 
photo  resistors  are  sstablished  in  the  nose  and  afterbodies  and  on  wing  cantilevers 
I’rom  above  and  froa  below,  which  allows  exsaination  of  uppsr  and  lower  hwlspheras 
around  the  aircraft  (Fig.  VII. 17). 

Each  receiver  constitutes  a  set  of  three  rings  on  a  cassvn  dowe-shaped  baae, 
on  which  is  placed  along  the  clrc\aBference  36  photoresistors  each.  The  receiver 
is  covered  by  a  plastic  doots  20  ca  in  dianeter,  which  passes  infrared  radiation 
well  in  a  wave  range  0.9>fl  .  This  material  (chesdcally  stable,  light,  and 

durable)  sustains  heating  well  up  to  a  tesiperature  of  300*C. 

The  nwber  of  elasients  in  the  ring  determines  the  accuracy  of  the  design  in 
the  azimuthal  plans,  since  every  element  has  a  limltsd  field  of  sight  -  not  more 
than  10®.  ffUQber  of  rings  in  each  receiver  determines  the  resolving  power  with 


respect  tc  eleration. 


Fig.  VII. 17.  Installation  of 
radiation  receivers  on  aircraft. 
KEY:  (a)  Upper  dosm;  (b)  lower 
dome. 


The  range  of  the  indicator  of 
approach  in  the  horizontal  plane  is  equal 
to  16  km,  and  in  the  vertical  it  makes  it 
possible  to  determine  entry  of  approaching 
aircraft  into  the  240Hoeter  zone  from 
above  or  from  bsneath  aircraft. 

The  entire  set  of  equlcment,  which 
includes  receivers  of  Infrared  radiation, 
amplifier,  cosssutatoP:,  sweep  generator, 
computer  and  Indicator,  weighs  13.5 
kilograms . 


Successive  sxaainstlon  of  spsce  in  the  ssiauthsi  plan?  is  ;.Arried  out  by  series 


connection  of  the  photoresistor  to  the  eosiputsr  and  ths  indicstor  instnsient. 

Distance  to  revealed  aircraft  Is  detersdned  by  the  nethod  of  trlanfulation 
by  the  kno>ffl  base  between  the  two  receivers  axtd  by  the  angles  of  si^htlnc  of  aircraft 
fro*  each  receiver. 

Sensitivity  of  the  equlFBont  is  detsmlned  by  noise  level  when  svitchins  on 
photorsslstors,  by  the  casaratator  equal  to  10  aicrovolts,  and  by  the  losses  in 
optics.  Errors  in  distance  saastirstnt ,  caused  by  dsfon^tion  of  wings  in  fli^t, 
change  of  pitch  angle  and  yaw  of  aircraft,  reach  k%  for  aasll  aircraft  and  10J^  for 
large. 


6.  Navigation 

With  the  help  of  infrared  instruMr.ts  it  is  possible,  by  siaple  aeans,  to 
carry  out  reliably  the  guiding  of  objects  on  ths  see  and  in  ths  air  along  given 
routes. 

Most  siaiply  resolved  is  ths  question  of  navigation  by  double  infrared  beacons 
(maintaining  place  in  fonaatlon,  leading  ships  through  sine  fields  and  harbor 
channels).  Fbr  thst  it  is  practically  necessary  to  have  on  ships  electron-optical 
Instruments  of  observation  and,  fixed  in  corresponding  places,  signal  infrared 
sources.  Fbr  laying  a  course  on  the  high  sea  It  is  sufficient  to  have  optical  or 
photoelectric  sextants  with  manual  or  autotracking  of  stars. 

In  conditioi.s  of  high-altitude  and  high-speed  aviation  the  problem  of  dead 
reckoning  at  pi:*esent  has  become  the  moat  urgent.  Methods  of  air  navigation  r,pplied 
earlier  in  conditions  of  high-speed  and  hl^-altitude  flight  lead  to  large  errors. 
Methods  of  radio  navigation  also  do  not  ensure  high  accuracy  of  air  navigation. 
Therefore,  considerable  attention  is  allotted  methods  of  astronavlgation,  allowing 
us  ecmparatively  exactly  to  carry  out  flights  of  piloted  and  pilotless  aircraft. 
This  problem  becomes  most  urgent  in  connection  with  growth  of  flight  altitudes. 


sint'fl  4L  great  heights  celestial  bodies  are  practically  the  only  real  reference 
points.  In  this  case  nanual  tracking  of  stars  are  insufficient.  Application  of 
autonatic  devices  is  necessary  tracking  celestial  bodies  and  continuously  'iving 
out  coordinates  of  stars  with  sinlMB  sjqpsnditure  of  tine. 

One  of  such  autonatic  devices  is  ths  astroecapass,  ths  MD»1  [12], 
froB  Uis  fundanental  diagram  of  this  instruMnt  (Fig.  VII. 18)  it  is  clsar  that 
the  basic  slments  of  a  photoslectrlc  autonatic  astroeonpasa  are:  sensitive  elsnent 
A,  perceiving  radiation  of  celestial  body«  gyro-stabilized  platform  7  for  stabili¬ 
zation  of  sensitive  elesnnt  in  the  plane  of  the  true  horisoni  device  for  isolating 
signal  from  star}  generator  of  error  signal  9,  10;  and  servomotors  for  influence 
on  gyro-stabilized  platform  3,  12. 

As  sensitive  elements  we  can  use:  photocell,  enlarger,  and  iconoscope,  which 
are  placed  ir  the  focus  of  objective  2.  Between  the  sensitive  element  and  objective 
is  placed  modulator  3. 

The  optical  elements  must  meet  very 
high  requireewnts  since  it  is  Important 
to  obtain  a  good  image  in  the  whole  range 
of  waves  (from  blue  to  infrared)  radiated 
by  the  stars.  Also  necessary  is  a  two- 
obJsctivB  system  to  gtuirantes  a  wide 
survey  region  (wide-angle  objective)  and 
high  accuracy  of  tracking  stars  (long-fccal 
objective  with  possibly  a  narrow  field  of 
sight ) . 

For  stabilizaticn  of  the  position  of 

."■ig.  7II.1S.  KinsEitle  diagram 

of  astrocomposs  MD-l.  the  photoelectric  transducer  aiKl  the 

lOQulator  relmtive  to  the  true  horiet  ■. 

(true  vertical)  they  are  established  on 
the  gyro-stabilized  platform. 


Th«  sensltlTs  produeat  a  al^nal  when  the  celeatlal  hodj  is  In  the  field 

of  ei^ht  of  the  recelwlng  head.  This  sii^nal  allowa  oa  to  obtain  necessary  data 
for  detemlning  direction  \q  star  and  lu^itude  of  error  with  respect  to  data  pro¬ 
ceeding  fron  the  eoeiputer. 

Modulators,  executing  eisiultaneoualj’  the  role  of  coordinator,  can  be  nechanical 
optical,  or  electronic  deriees. 

Mechanical  Modulator  (a  disk  <4^th  groores)  is  applied  in  systsMS  with  an 
enlarger  or  single  photo  resistor.  Speed  of  disk  rotation  is  STnchronised  by  signals 
proceeding  fro»  generator  of  support  signals  5  rewolYlng  with  t  ^e  help  of  the  ssMe 
Motor.  Comparison  of  signals  of  photoelectric  transducer  6  and  support  allows  ur 
to  obtain  data  relatiwe  to  the  instantaneous  position  of  a  star.  Appearing  as  a 
result  of  cQMparison,  error  voltage  9,  10  affects  directly  the  gyro-stabilising 
device  until  radiation  from  the  star  gets  into  the  center  of  the  field  of  sight 
of  the  photosensitive  system.  At  this  instant  feedback  signal  leads  to  ssro 
position  the  generators  of  error  signal  11,  15  with  respect  to  asismth  and  elevation 
The  magnitude  of  the  voltage  of  the  feedback  signal  is  pi*opoi^ional  to  the  relative 
bearing  of  ^he  star  and  nay  be  easily  converted  into  a  aignal  propo]!*tlonal  to  the 
error  between  measured  and  true  position  of  the  star. 

Mith  the  optical  method  of  modulation  several  photoresistors  are  applied, 
which  are  located  around  the  center  of  the  field  of  sight . 

If  data  from  a  tracking  device  coincide  with  data  of  computer  13,  14, radiant 
flux  from  the  star  gets  into  the  center  of  the  field  of  sight  and  the  error  signal 
Is  not  produced.  At  the  appearance  of  error,  radiant  flux  gets  on  one  of  the 
photoresistors,  as  a  result  of  which  error  signal  appears,  which  then  Is  comipared 
with  computer  data  and  affects  the  gyrostabiliser. 

The  great  merit  of  the  optical  sodulator  is  the  absence  of  mobile  parts;  the 
direction  of  error  is  detemlned  by  dilch  the  photoresistors  gets  radiant  flux. 


A  type  of  optical  Bethod  is  the  electron  ■odulator,  applied  with  the  iconoscope, 
a  mosaic  of  which  is  dirlded  Into  four  sectors,  and  fo~  determination  of  direction 
to  star  mairnetic  yokes  are  used. 
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CHAPTER  nil 

INTEaiGKIICE  VHTH  THE  HELP  OF  INFRARED  RAYS 

For  the  purpose  of  InersAeing  the  Intenrel  of  time  necesseiy  for  Intelligence, 
increesing  Its  quelltj,  operstlonel  natxire  end  continultj  considerable  attention 
is  allotted  to  the  iBiproveaent  of  Instrwents  and  Mthods  of  Intelligenee  vith  the 
help  of  infrared  rajs. 

There  are  developed  inetrunente  of  ni|;ht  vision,  televleion  ajsteeui  of 
heightened  seneltlvltj,  aerial  caneraa  for  photographing  either  on  epeeial 
infrachroeiatic  film  or  bj  neane  of  converting  an  Invisible  ieiage  to  rlaib^e  vith 
suSsequent  photographing  on  the  usual  photographic  fllai,  InetrvBsents  for  Baking  a 
themal  nap  of  the  site,  and  passive  radar. 

In  spite  of  the  fact  that  the  effectiveness  of  these  instrusents,  to  a  great 
-ro  ,  depends  on  neteoro  log  leal  conditions,  interest  toward  it  continuouslj  in¬ 
creases,  since  these  Instrwents  allow  us: 

to  obtain  an  Inage  of  observed  objects  at  night  because  of  their  tenperature 
contrast  with  the  surrounding  background; 

to  obtain  an  isiage  of  rsstote  objects  through  air  hase,  when  application  of 
visible  rajs  for  these  targets  becesws  little  effective  or  even  inposslble; 

to  reveal  objects.  Basked  froa  detection  in  the  visible  and  radar  regions  of 
the  electronagnetlc  spectznai. 


the  cunre  In  Fi*.  VTII.3. 


Vfith  growth  in  audJBUM  imve  length  of  ••naitltaticn,  tne  guarantee  perloxj  for 
preeerration  of  the  flln  alao  decreases.  This  is  caused  bj  the  fact  that  during 


storage  of  infrachronatlc  material  there  occurs  a  fast  drop  in  its  light  sensitiritj 


with  a  simultaneous  growth  of  vail.  The  greater  the  sensitivltj  decrease,  the 
longer  the  wave  length  of  sensitisation. 


Partial  increase  in  stability  of 
Infrachromatic  swterials  may  be  attained 
by  storage  of  them  in  hermetic  packing 
in  refrigerators. 

The  above-considered  peculiarities 
of  infrachromatic  amterlals  (drop  of 
integral  sensitivity  and  Impairment  of 


Fig.  VI I I. 2.  Spectral  senaitirlty 
of  native  Infrachromatic  filaa 
"Infra"  and  aerial  film  of  "Eastman- 
fCodak"  (The  United  Statee). 

K£T:  (a)  Logarithm  of  sensitivity t 
(b)  Wave  length,  bm;  (c)  Kodak. 


Fig.  VI II. 3.  Drop  in  sensitivity 
of  infrachromatic  materials  with 
change  in  wave  length  of  maximum 
eenaltisation. 

KEY:  (a)  Relative  spectral 
sensitivity;  (b)  Wave  length  of 
maximum,  sensitisation  m  t*  . 


stability  of  infrachromatic  matsrlala 
sensitised  in  a  region  of  the  speetnm 
of  longer  wave  lengths)  predetermine 
application  in  practice  of  the  more 
sensitive  emulsions  sensitised  to  radiation 
in  a  wave  range  of  0.76-0.85  M  . 

Infrachroamtic  materlala  with  a 
boundary  of  sensitivity  of  a  longer  wave 
length,  as  a  rule,  are  applied  only  in 
scientific  surveys,  where  large  exposures 
are  allowed,  and  the  ^^paration  of 
wulslon  Is  produced  directly  before  its 
application.  There  is  another  obstacle 


to  wide  application  of  photographic  emulsions  ssnsitissd  to  infrared  rays  of  a 


longer  wave  length:  radiation  of  bodies  heated  to  room  temperature,  will 


?03 


r 


noticeably  affect  an  cBiulsion  eensitised  te  ^  ^  2  n  ,  causing?  its  fogging.  It 

natural  that  work  with  such  materials  will  be  strongly  hampered,  if  not  quite 

lapossible. 

Por  photographing  in  infrared  rays, 
^  ^955-1957  special  photographic  caaeras 
[1,  2]  were  created  with  long- focal 
objectives.  Thus,  for  photographing  in 
ground  conditions  in  the  United  States, 
a  camera  was  developed  with  an  objective 
having  a  focal  length  of  254  cm  and  re¬ 
lative  hole  1:12.5  (Pig.  VIII .4). 

frame  are  12.7  X  17.8  cm.  Shutter  has  10  speeds  of  rperations  with 
-Inl™.  v=00  .,c.  Th.  u  obj.ct.  .t 

dLUnc.  up  to  50  la.  «,d  it  powlbl,  to  d.olpher  on  .  F»><>togr.,*  4  .Ingl, 

motor  vehicle  photographed  from  a  distance  of  10  km. 

An  .r„  lo„g,r  rocu.  obj.atiu.  (17  .)  .ppu«i  i„  .  <lu.-ln* 

th.  S,ao.„d  World  ,1th  th,  help  of  which  «.  p.^duc.d  photogrhpbln*  of  th. 

.«  =,«,t  aero,,  th.  a.gll,h  Cha»n.l  fro.  a  di.tano.  of  33  km  In  condition, 
of  strong  haze. 


^g.  VI II. 4.  teerican  camera 
for  photographing  in  infrared 
rays . 


^11.5.  Moxintaiii  view,  taken  from 
60  km  in  infrared  A  and  light  B  rsvs. 


a  diatance  of 


with  th.  h.lp  of  .inilar  o«,r«i  It  boco«.  po.slbl.  to  produo.  a  .ur«p  of 
rm>t.  obj.cta,  hidd.n  bp  air  hai.  from  oba.rvatlon  In  vl.tbl.  ray.  (Pig.  nil. 5) 


to  carry  out  a  survay  of  aarolandacapaa «  whoa*  llght^traiMBlialon  vlll  differ  from 
lil^ht-tranniesion  during  photographing  in  rlalbla  raja  (Fig.  VIIT.6).  Purthenaore, 
it  la  possible  to  datan>lna  the  pretence  of  targeta  and  their  character,  to  watch 
for  changea  In  camouflage  of  the  eneegr.  In  the  sjstMB  of  organisation  of  defense 
and  fire,  to  facilitate  target  designation  and  orientation  of  our  own  artillery, 
and  alec  to  improve  caaouflage  of  our  own  troope. 

Certain  authors  [3,  4]  note  that  with  the  help  of  Infi'achronatic  aaterials  It 
Is  possible  to  obtain  photographs  with  more  contrastive  Isolation  of  objects  on  the 
site  than  during  photographing  on  panchroBMtic  materlala,  becatise  of  different 
llght-transmisslon  of  dazdc  and  light  places.  FUrtheraore,  as  a  merit  of  infrared 
aerial  photography  la  the  possibility  of  photographing  sites  through  breaks  In 
overcast,  since  in  this  case  the  effect  of  concealment  of  objects  by  cloud  shadow 
sharply  decreases  as  compared  to  photographing  on  panchromatic  film. 


The  proceos  of  light-transmission  of 
the  isiage  of  obsarwad  objects  la  noticeably 
affected  by  spectral  cosiposltlon  of  light 
reflected  by  the  object,  spectral  sensi¬ 
tivity  of  the  receiving  device,  and 
spectral  attenuation  factor  of  radiant 
flux  in  atwsphere.  Other  conditions  of 


Pig.  VIII. 6.  Aero landscape  of 
forest  It  yellow-red  (on  the 
left)  and  infrared  (on  the 
right)  rays: 

1 — pine  (old  trees);  2— pins 
(young  trees) I  3*.— pioe  ano 
leafy  trees;  4 — teuga;  5 — teuga 
and  leafy  trees;  S—lsafy  tress. 


observation  being  equal  (the  sane  object, 
identical  transparency  of  atmosphere,  the 
same  distance  to  observed  object  and  the 
same  aource  of  Its  lll\afdnation),  the 
ll^t-tranmnlsslon  of  the  Image  will  de¬ 


pend  on  actinism  of  radiant  flux  ,  reflected  by  the  object, 

\ 


(mi.i) 


where  le  cpectral  sensitivity  of  receiving  device; 


'■»  is  spectral  dsnslty  of  reflected  radiation; 

^  is  spectral  transmlssirltf  of  ataosphere. 

In  Pi^  VIII. 7  are  given  curves  of  spectral  sensitivity  of  the  eye  1  and  of  a 
cesivan  oxide  photocathode  2,  spectral  distribution  of  energy  of  sunlight  3  taking 
into  account  transparency  of  atiiosphere.  As  a  result  of  nniltiplication  of  corre¬ 
sponding  ordinates  of  curves  we  will  obtain  curves  of  actinisD  of  radiant  flux 
for  the  eye  and  a  ceai\SB  oxide  photocathode  depending  upon  the  %«ave  length  of 
optical  radiation  (without  calculation  of  selectivity  of  reflection  of  object). 


Fron  conparison  of  curves  a  and  b  li^ 
Pig.  VII I. 7  it  follows  that  for  the  eye, 
radiation  with  wave  length  in  the  range 
of  0.54-0,584  will  be  reflected  the 
brightest  and  for  a  ceslun  txlde  photo¬ 
cathode  (curve  b)  Biariam  brightness  for 
reflected  radiations  will  correspond  to 
a  wave  length  of  0.78-0.86  4 .  It  is 
possible  to  show  that  a  similar  character 
of  distribution  of  ijnage  brightness  will 
be  obtained  also  when  iising  Infrachromatlc 
i:^tographic  material. 


Fig.  VIII. 7.  Distortion  of  The  effect  of  distortion  of  light- 

llght-trannisaion  of  image 

during  observation  in  different  transmission  during  piiotographlng  on 

sections  cf  the  spectrum. 

KET:  (a)  Relative  units.  infrachrooiatlc  material*  during  aissultaneoxis 

photographing  of  effect  of  air  base  (veil 


on  photographic  material)  may  be  used  with  sue  ;ee8  to  increase  the  effectiveness 
of  aerial  photoreconnaissance  by  day  and  facilitate  deciphering  of  obtained  photo- 
yaphs. 


The  low  sofisltiTitf  of  infrwchroaet  ic 
Mterlale,  which  Is  their  deficiency,  osj 
be  used  with  success  to  detemine  the  exact 
position  of  hostile  searchlight  instal- 
latlons  and  artillery  batteries.  For  that, 

Pif .  VIII. 8.  Ixage  of  a  shooting 

battery,  obtained  by  the  sMthod  of  at  night,  when  the  shutter  is  open  casstras 
coeibined  photograph  on  infrachrosiatie 

filjn.  photograph,  for  instance,  flashes  frosi 

shots  of  cannons.  The  weak  night  light 

does  not  affect  Infrachn  aatic  filn,  and  on  it  is  obtainsd  only  a  latent  laage  froa 
the  flashes.  By  day,  dtirlng  constant  position  of  caasras,  they  photograph  the 
site.  Aa  a  result  thsre  is  obtained  a  photograph  (Fig.  VIII. 8),  on  tha  background 
of  whose  site  is  clearly  detandned  the  dlraetion  to  artillery  poaitions  [5]> 

Carrying  out  aisdlar  photographs  from  2-3  positions  and  knowing  aaiarothal 
angles  of  caaera  Installations,  one  can  detemins  eren  the  position  of  the  actual 
batteriee. 


2.  Photosraphina  with  the  Help  of  Eloetron-Oi>tical  Converters 

As  already  was  noted  in  1 ,  application  of  infraehroaatic  ssiulaions  encounters 
difficulties :  their  rery  low  integral  seneltirlty  and  bad  stability  in  tlae.  In 
order  to  avoid  this,  it  is  necessary  prsliainarily  to  eonrert  the  InTisible  infrared 
linage  to  risible  and  to  photogrsph  the  latter  on  the  usual,  conparatlrely  stable, 
and  highly  eensitire  photographic  evulsions.  Conrerslon  of  an  Inrisible  Infrared 
image  to  risible  nay  be  carried  out  with  help  of  an  image  conrerter,  rr  'wording 
ereporimeter,  end  phosphorescent  materials  Bensitire  to  Infrared  rays. 

The  fundamental  plan  of  photographing  in  infrared  rays  with  the  application 
of  an  image  conrerter  is  shown  in  Fig.  VIII. 9. 

Radiant  flux  1,  reflected  from  photographed  object,  pasting  through  infrared 
filter  2,  ;.8  focused  with  the  help  of  objectlre  3  on  phot<  cathode  of  image  conrerter 


t 


to 


U.  The  visible  Image  obtained  on  its  screen,  irith  the  help  of  optical  system  5,  is 

All  the  systas,  including  the  pro¬ 
jecting  objective,  the  image  converter, 
and  the  system  of  transferring  the  visible 
image  to  the  photographic  (ssnilslon,  has 
obtained  the  naae  of  electron-optical 
objective . 

Inclusion  of  an  image  converter  as 
an  intensediate  element  vorsens  a  n'miber  of  parameters  of  the  optical  system  of 
-he  camera  and,  therefore,  it  is  necessary  to  take  special  measures  for  their 
reroval  or  partial  compensation.  This,  in  the  first  place,  pertains  to  resolving 
power  and  to  the  requirement  for  geoswtric  similarity  of  the  image  to  the  photo¬ 
graphed  object. 

The  requirement  for  geometric  similarity  in  the  case  of  an  electron-optical 
objective  is  not  fulfilled.  This  is  connected  with  th«*  fact  that  for  converters, 
especially  with  a  flat  photocathode,  there  is,  as  a  rule,  distortion,  i.e., 
inconstancy  of  linear  magnification  of  sections  as  ths  distance  increases  from  the 
center  to  the  edges.  For  its  removal  special  correction  of  the  projecting  and 
photographic  objectives  is  necessary  for  the  purpose  of  obtaining  in  them  dis¬ 
tortion  of  the  reverse  sign. 

Resolving  po^ra^  of  electron-optical  objectives,  as  a  rule,  is  lees  than  for 
the  usual  objectives,  because  of  low  reso  Ing  power  of  the  image  converter. 

There  fort ,  it  is  necessary  to  increase  artificially  the  resolving  powsr  of  con¬ 
verters  and  to  design  objectives  with  mors  uniform  resolving  power  with  respect  to 
field  of  sight. 

Most  effective  are  the  following  ys  of  increasing  resolving  power  of  cor- 


transfered  to  photographic  film  6. 


Fig.  Fill. 9.  PundaBw;ntal 
diagram  of  camera  with 
image  converter. 


venters : 


a.  application  of  ccnbinad  focuainc  of  aiectro. la  bjr  the  electrostatic  and 
Bacnetic  fields.  By  this  Mthod  the  fli«  of  Nuellard  (ftiglaad)  managed  to  derelop 
the  NF/.1201  Isiage  converter  for  photogra]3hlt:^<  in  infrared  rajs  with  a  resolving 
power  all  over  the  field  of  si^ht,  e<iual  to  20  lines/Mi  [6]; 

b.  significant  increase  of  fo.Mj'i  r:  '  voltage  on  electrodes  of  the  converter. 
During  constantlj  applied  voltage  to  electrodes,  breakdown  betteeen  cathode  and 
other  electrodes  is  prevented.  Puirthemore ,  during  Isrge  supply  voltage  the 
appearance  of  fatigue  of  Itmlnophor  and  breakdown  of  the  converter  on  the  whole 

is  possible. 

All  this  it  is  possible  to  avoid,  if  instead  of  constantlj  applied  voltage 
there  are  passed  to  electrodes  poises  of  high  tension.  As  shown  bj  Invaatigatlon 
[7],  during  supplj  to  electrodes  of  square  poises  of  voltage  1-10  nlcroseconde  in 
duration  breakdown  potential  can  be  increased  5-7  tiaea,  since  in  this  case  pulse 
duration  is  conparabla  with  tins  necaasarj  for  developaent  of  breakdown.  Transition 
to  pulse  feed  of  converters  penalts  an  increase  In  gradient  of  field  for  photo- 
cathode  froai  4.5  to  30  kv/ca  and,  conaequentlj,  a  significant  increase  In  resolving 
power  r  '  converter.  Purthensore,  with  such  feed  it  is  pobslble  to  increase  also 
the  brightness  of  ths  laags  on  the  screen  without  danger  of  its  burning  out  or 
Irrevsrsibls  fatigue. 


VlIT.lO.  Isksge  of  landscape, 
obtained  with  the  help  f  an 
electron-optical  caaera. 


In  the  electron-optical  objective, 
due  to  application  of  converter  allowing 
aapllflcatlon  of  brightness  of  iasge,  it 
is  possible  to  increase  candle-power 
slgnlficantlj  aa  coapared  to  tha  usual 
lana  objective.  This  allows  ua  to  obtain 
in  the  focal  plane  (on  flla)  sufficient 
lllmlnanee  for  photographing  with  a  saall 
exposure  tiae. 


Indirectly,  c«r<dlo-power  of  an  electron-optical  objectlre  can  be  increased  by 
corresponding  selection  of  spectral  radiation  of  Iwdnophor  of  converter  screen 
and  spectral  sensitivity  of  photographic  fila. 

The  essential  advantage  of  this  sethod  of  photographing  is  the  possibility  of 
its  application  during  low  levels  of  llltaiiinance,  when  the  usual  and  infrachrosutic 
photomaterials  becoae  Ineffective,  and,  furthemore,  this  method  allows  application 
of  ordinary  highly  sensitive  and  stable  photomaterials. 

As  an  illustration,  in  Fig.  VTII.IO  Is  a  photograph  taker  in  the  pretwilight 
hours  with  the  help  of  an  image  converter. 


oration  Recordj 


The  above-considered  methods  of  photographing  in  Infrared  rays  allow  photo¬ 
graphing  either  by  reflected  radiation  or  by  intrinsic,  if  the  temperature  of  the 
surface  of  the  object  Is  higher  then  250-300*C,  This  is  connected  with  the  fact 
that  the  considered  methods  use  comparatively  short-wave  infrared  radiation  with 
wave  length  not  snre  than  1,2  m  • 

In  the  method  of  evaporation  recording,  suggested  by  the  German  physicist 
Tschemy,  long-wave  radiation  of  bodies  having  low  surface  temperatures  is  used. 

The  essence  of  the  swthod  of  evaporation  recording  consists  of  the  following 
(Fig.  mi. 11). 

In  vessel  1  with  entrance  window  2, 

transparent  for  infrared  rays,  and  output 

window  3,  thin  mica  film  4  is  established. 

The  side  of  the  film,  turned  to  objectlwe 

Fig.  vni.U.  Fundamental  5,  Is  covered  by  p  fi;  nun  '  or  soot 

dia^rsa  of  evaporation 

recording.  for  best  absorption  of  infrared  ray  . 

From  the  opposlts  side  of  the  film  there 
is  precipitated  by  evaporation  a  film  of  aosM  kind  of  viscona  liquid  (for  instance, 
camphor  oil).  Thickness  of  the  layer  of  oil  is  selected  so  that,  because  of 


interfer«nc«  of  light,  nlniwai  reflection  of  redlant  flux  froa  outside  source  of 
light  6  would  be  ensured. 

If  on  the  blackened  surface  of  the  fils  the  IsMge  of  the  pitotographed  object 
Is  projected,  then  In  places  where  the  IntMsltj  of  infrared  rays  is  greater,  the 
filjf  will  be  heated,  which  will  lead  to  partial  evaporation  and  spreading  of  oil 
to  places  which  are  colder.  Interference  of  reflected  rays  froei  source  6  will  not 
ccsipletelj  extinguish  risible  "aTS,  and  on  the  fUst  will  appear  an  interference 
inage  corresponding  to  the  distribution  of  tssipsrstures  on  the  surface  of  the  object. 
This  is  possible  to  obeerre  either  rlsnally  or  to  photograph  thnmgh  output  window 
of  the  erarjnrngrir.ph. 

For  the  purpose  of  removing  the  effect  of  external  temperature  on  the  volatility 
of  the  condensed  layer  of  oil  a  aica  filxt  is  placed  in  vacuus,  but  the  body  of  the 
receirlng  part  of  the  InstroBent  is  made  fnoB  good  thenso-ineulational  material. 

Since  conrerslon  of  radiant  energy  into  heat,  utilised  in  this  method,  xn  the 
least  profitable  method  of  detecting  radiation  energy,  then  it  la  Ixipoesible  to 
expect  from  it  great  sensitivity,  Just  as  resolving  power.  Furthermore,  for  the  * 
heating  of  the  film  and  the  evaporation  of  the  layer  of  liquid  certain  tisw  is 
required,  as  a  consequence  of  which  such  Instruments  possess  noticeable  time^. a  -  . 
in  order  to  photograph  another  object  it  is  necessary  to  wait  a  definite  time  for 
the  condensation  of  a  ne\'  layer  of  camphoi*  oil  on  the  film. 

In  spite  of  noted  deficiencies  inherent  in  this  method,  such  InstinmMnts  find 
application  in  military  technology  since  they  allow  us,  in  principle,  to  solve 
the  question  of  vision  in  darkness  becauss  of  ths  intrinsic  esilseion  of  targets. 

As  an  example  we  will  consider  the  night  vision  squljment  "Bva,"  developed  by- 
Baird  Associates  (The  United  States)  in  1956  and  taken  into  service  by  the  Air  Fbrce 
in  195?  [S,  9,  10]. 


The  "Phra"  InatruBent  (Plf.  VIII.  12*) 
makes  It  possible,  In  full  deitoiess,  to 
distin§uish  the  outline  of  an  object  with 
a  surface  temperature  differing  from  the 

Fig.  VIII. 12a.  General 

form  of  the  "iJva*'  instrument.  temperature  of  the  surrounding  background 

and  to  identify  it  by  the  nonuniform 

distribution  of  temperatures  of  its  separate  points.  Sensitivity  of  the  Instnxtent 
is  0.1*G.  It  can  record  a  change  in  temperature  of  bodies  in  a  range  from  several 
units  to  several  thousand  degrees. 

The  Instnmient  (Pig.  VIII. 12b)  consists  of  five  stain  centers,  long^focal 
Bilrror  objective  X,  vacuum  chaid>er  II,  optical  tube  for  observation  III,  camera  IV, 
and  illimilnator  T. 

The  objective  (2/S  »  5*J  A  *  l!2.5;  f  »  20  cm)  includes  two  mirrors  -  spherical 
1  and  refracting  2,  are  a  lattice  neutral  filter  3  for  the  !#sakening  of  radiant 
flux  from  powerful  sources  of  radiation,  and  a  flap  on  the  entrance  of  objective 
4  for  coveting  access  of  radiant  flux  while  x*e8toring  Inetrusent  for  repeated 
observation. 

Sensitive  elesient  7,  located  in  focxis 
of  mirror  1,  constitutes  a  thin  film  from 
nitrocellulose,  covered  from  one  side  by 
platlnxsB  black  and  from  the  other  by  a 
film  of  camphor  oil.  The  film  is  p]  '^ed 
in  heraetic  vesssl  5,  from  which, 
periodically,  la  ptmiped  air.  Fhtrance 
window  6  la  prepared  from  crystal  of  rock 
salt,  covered  by  film  of  ^  Inyl  varnish. 

The  ’  ^ wall  of  the  chamber  is  prepared  froai  glass  passing  only  visible  light  and 
cutting  infrared  radiation. 


Pig.  VIII.  12b.  Optical  diagram 
of  the  "Eva". 


Optical  si^ht  III  i»  decided  for  visual  obssnratlon  of  Interferenc*  picture 
and  consists  of  long-focal  objective  I3  which  is  slaultaneouelj  the  objsctlTs  of 
anall-sise  caasra  15 1  ssaltranaparsnt  airror  14  and  ejnipiece  16.  Seaitransparent 
Bilrror  rejects  505f  of  the  visible  radiation  to  the  photographic  filu  and  50^  passes 
in  the  direction  of  the  observer. 

Illminator  ▼  consists  of  tunesten  incandescent  laap  8,  filter  17  cutting  all 
infrared  radiation  of  the  tube,  nirror-refleetor  9,  and  condenser  10.  (to  the  path 
of  the  parallel  beaa  of  light,  after  the  condenser,  sesiitransparent  plats  11  is 
disposed  with  a  reflection  coefficient  of  50^>  Light  passing  through  this  ptlate 
and  the  output  window  of  the  caaera  gets  on  the  sensitive  file.  Being  reflected 
fron  it,  the  light,  by  means  of  the  sesBltransparent  plate  and  mirror  12,  is  rejected 
to  the  objective  of  the  telescope  and  casara. 

After  observation  ceases,  the  flap 
of  the  objective  is  closed;  tube  18  turns 
on,  the  radiation  of  which,  by  aeans  of 
reflective  airror  2,  gets  on  the 
blackened  surface  of  the  sensitive  film, 
evenly  heating  it  and  erasing  thereby  the 
oil  film. 

Control  for  erasing  of  flla  and  subsequent  precipitation  on  it  of  oil  is 
carried  out  visually  through  a  telescope  by  change  of  color  of  the  oil  film  in  the 
reflected  rays  froa  yellow  (oil  is  absent)  to  greenish-yellow  (thickness  of  oil 
flla  corresponds  to  operational  value). 

In  literature  It  is  indicated  that  with  the  help  of  the  *'Eva"  one  can  photograph 
in  full  darteness  a  man  at  a  distance  of  180  m  and  a  building  at  a  distance  of  1,800  a 

(Pig.  mi. 13). 

The  principle  of  transforming  thermal  energy  into  visible  radiation  which  can 
be  observed  either  visually  or  photographed  is  assumed  also  in  the  basis  of  work  of 


Pig.  yill.13.  Image  of  a  motor 
vehicle,  an  aircraft,  and  a  man, 
obtained  with  the  help  of  the 
"Eva"  in  darkness. 


another  semiconductor  convertor  of  a  similar  type,  recently  develope;  in  inland 

[11], 


The  operating  principle  of  the  iAstrwent  (Fig.  7111.14)  is  based  on  the  use 
of  the  dependency  of  the  absorption  of  light  falling  on  a  seeiiconductor  on  its 
temperatm^.  If  the  film  of  a  sesd-conductor  is  examined  in  monochromatic  light 
passing  through  it,  which  has  a  wave  length  close  to  threshold,  then  the  least  change 
in  temperature  of  separate  sections  of  the  film  causes  a  coi*respondlng  change  in 
their  transparency. 


Infrared  rays  being  reflected  from 
parabolic  mirror  1  and  passing  inside 
vacxnas  chaad>er  through  the  entrance  *rindow 
of  rock  salt  2,  get  on  semiconductor 
sensitive  film  3>  The  film  consists  of 
of  ehroms  sublayer  and  a  layer  of  amor- 


Fig.  VIII.  14.  Semiconductor  Image  phous  selenium  1  m  thick  turned  in  the 
converter? 

1— ’Parabolic  mirror;  2--wlndow  from  direction  of  the  mirror  objective.  A 
rock  salt;  3~filsi  of  selenlim  and 

chroailimi;  4 — mirror;  5 — sodivm  tube.  peculiarity  of  such  film  is  the  fact  that 


it  absorbs  infrared  rays  well  when  they 
fall  from  the  seleniw  side  and  absorbs  them  badly  when  they  fall  from  the 
chroniim  side. 


The  image  of  tne  object,  or  more  exact  -  the  distribution  of  intensity  of 
infrared  radiation  of  different  parts  of  the  object,  is  examined  in  the  light  of 
the  soditmi  tube. 


Sensitivity  of  the  Instrument  is  limited  by  the  ability  of  the  eye  or  photo¬ 
graphic  film  to  list.rraish  the  slightest  contrasts.  In  the  first  sample  It  wag 
comparatively  low,  since  it  made  it  possible  to  photograph  objects  whose  surface 
temperatures  differed  by  15  *C  from  the  temperature  of  the  surrounding  background 
during  an  esqosure  tiaw  of  2  sec.  Time  lag  of  the  instnmwnt  la  0.5  sec.  Resolving 
power  of  the  instnmmnt,  limited  by  quality  of  mirror,  camera  window,  and  film, 


constitutes  4  lines/om. 

Vacuxan  in  the  chuber  with  sensitlws  fila  Is  supported  with  the  help  of  s 
getter  end  constitutes  10"^  wm  Hg. 

4.  Inatnaasnta  ot  IntsUissnce  In  the 
?Iear-wave  Part  of  the  Infrared 
Spectrum 

For  detection  of  special  sources  of  infrared  radiation  can  be  appdied  anj 
instrunents  possessing  sensitirity  to  near-wawe  infrared  radiation  (to  2  )  >  a 

metascope  with  phosphorue  as  a  serisitive  elesient,  sionoclss  or  binoculars  with  r  : 
converters,  and  also  special  detectors  with  photoresistors  or  photodiodes.  Since 
such  instruments  do  not  require  hlg^  resolving  power  snd  great  sensitivity,  they 
can  be  made  by  simple  construction,  with  snail  scales  and  dinensions. 

In  metascopes  Is  used  the  phenoeienon  of  "extinguishing”  or  "stimulating,”  by 
Infrared  rays,  the  phosphorescence  of  phosphorus,  preliminarily  excited  by  a -radi¬ 
ation  or  ultraviolet  light. 

An  example  of  such  instniaents  is  the  mstaacope  UF/F  ('lYie  United  States), 
developed  during  the  Second  World  War,  and  the  metaacope  CNFT  (France),  developed 
In  the  postwar  period.  Free-space  range  for  aetaacopes  of  sources  of  Infrared 
radiation  of  average  power  constitutes  several  kilosMters. 

In  spite  of  the  small  dimensions  and  the  absence  of  special  sources  of  supply 
for  metascopes,  the  low  resolving  power  limits  their  application,  in  consequence 
of  which  they  have  been  replaced  by  more  advanced  inetruawnts  with  image  converters. 

The  above-conaldered  instruments  were  designed  for  observation  of  infrared 
soiurcee  of  radiation,  the  results  of  tdiich  have  made  it  posaible  to  obtain  an  idea 
about  the  location  of  the  enemy,  the  character  and  directions  of  shipments,  limiting 
points  of  the  enemy,  and,  partially,  about  the  character  of  infrared  means  applied 
by  the  enemy.  However,  significantly  more  valuable  data  can  be  obtained  by 
reconnaissance  if  one  carries  out  obsereatlon  of  the  situation  at  a  site  and  not 


separate  eourcee  of  Infrared  radiation.  Pbr  these  porpoeee  there  can  be  used  only 
instr^ssents  with  candle-power  optics  and  with  high-quality  iMge  converters  with 
irradiation  of  the  site  by  searchlights  covex^  with  Infrared  filters,  or  observatloi. 
in  conditions  of  natural  iUunlnance. 

At  the  end  of  the  Second  Morld  War  in  the  ground  troops  of  the  United  States 

infrared  rays  found  application  -  the 

The  ■'  f  o  v  is  an  electron- 

optical  instruBient  of  observation  1, 

■ounted  jointly  with  snall-sise  infrared 
searchlight  2.  Power  is  supplied  to 
instmKent  and  searchlight  from  a  special 
storage  battery  carried, by  the  soldier/ 
in  shoulder  bag  3  or  in  a  bag  across  the  am. 

A  searchlight  100  nn  in  diameter  with  a  30  w  electrical  incandescent  lamp 
ensures  axial  lisainous  intensity  of  7-10  throsand  candles. 

As  an  image  converter  in  the  observation  instnsDsnt,  at  that  time  the  l-P-25 
converter  with  supply  voltage  of  4000  v  was  widely  used. 

The  radiant  flux  of  the  searchlight,  reflected  from  objects  on  the  site  and 
hitting  the  objective  of  the  observation  instnmient  after  conversion,  creates  on 
the  screen  of  the  instruaent  an  image  ahead  of  the  horliontal  site.  Range  of  the 
instrunent  is  150  m. 

In  1955  there  appeared  a  report  about  the  develoiment  of  an  instrvsmtt  allowing 
observation  at  night  at  a  distance  up  to  36CQ  s  [13]. 

As  an  irradiating  inatallation  in  it  there  ia  applied  a  60-cm  searchlight 
with  a  1500  w  X  9  V  electrical  incandaseant  lamp  covered  by  an  infrared  filter 
with  axial  Imlnous  intensity  of  5  million  candles. 


an  instnmient  of  close  reconnaissance  on 

II  lopie  r.'zoi  c  "  (Fig.  Till. 15). 


Fig.  VIII. 15,  The  "  no-iperacope” 
(The  United  States). 


^ 


The  electron-opticAl  Instnanent  of 

obsanrati~>n  with  6  X  aeipilflcatlon  Is  feu 

fron  ft  spscial  hl^-VDltft«e  unit  developing 

voltage  of  20,000  v.  The  Instnaient  of 

observation  is  synchronouslj  connected 

with  one  or  with  several  searchlights, 

which  ensures  the  turn  of  the  searchlights 

Fig.  Till. 16.  Asterlean  instrument  in  the  direction  of  obserrstion  (Fig. 
for  observation  in  darkness. 

Till. 16). 

Coaiparing  characteristics  of  the  two  considered  instnsaents  of  observations 
In  Infrared  rajs,  it  is  possible  to  note  that  Increase  of  visual  range  by  24  times 
led  to  an  increase  in  power  eonsiaed  by  the  searchlight,  50  times,  and  luminous 
intensity  -  500  times.  Therefore,  a  sl^lfieant  increase  in  the  range  of  electron* 
optical  instruments  working  In  a  set  with  irradiator  installations  should  not  be 
expected.  These  inatruments  will  remain  short  rsnge  Instrusents  for  observation 
of  a  site  directly  adjoining  the  observer.  Furthermore,  such  Instruments,  in 
principle,  cannot  ensure  concealment  of  their  use,  since  the  enemy,  aimed  with 
corresponding  equipmnt,  can  always  establish  not  only  that  a  searchlight  is 
operating,  but  also  determine  its  position.  In  particular,  with  this  goal  in  mind, 
there  was  created  an  instnmwnt,  the  IRI-03  [14],  to  warn  if  soldiers  were  being 
Irradiated  by  infrared  rays  (Fig.  Till. 17). 

The  IRI-03  consists  of  a  photo> 
generator  of  beats  of  an  audio- frequency 
and  a  dynamic  telephone  which  ensures 
eonlc  signalling  of  irradiation. 

The  photogenerstor  of  beats  uses 
semiconductors  and  includes  gensrator  of 
constant  frequency  f^,  sweep  generator 

ri’’ 


Fig.  Tin.  17.  The  IRI-03 
inetnsBent . 


with  control  photor«8l8tor  and  mlxar  8tage,  producing  fraquencj  -if  boats  fa^  to  which 
the  telephone  reacts  directly. 

In  the  absence  of  irradiation  of  the  photoresistor,  frequencies  of  oscillations 
of  the  generators  are  equal  to  (f^^  f2).  During  irradiation  of  the  photoresletor 

by  infrared  rays,  frequency  f2  changes  proportionally  to  the  Intensity  of  irradiation, 
as  a  result  of  ^ich  after  the  nixer  there  appears  a  difference  frequency  audible 
in  the  telephone. 

Both  generators,  the  sdxer,  and  the  potrer  supply  are  counted  in  a  plastic  body 
11  X  6.5  X  2  CB,  weighing  200  g,  which  nay  be  suspended  on  a  button  of  a  unlfom. 

A  dynasilc  telephone  with  constant  nagnet  is  united  with  the  instruswnt  by  a  cable 
and  may  be  secured  near  the  soldier's  ear. 

Po%rer  is  supplied  to  the  instnaent  by  miniature  batteries  on  1.5  and  22.5  v, 
designed  for  50  hours  of  constant  wdi4c. 

The  photoreclstor  is  sensitive  in  a  wave  range  of  0.6*>2.3  m*  and  its  construction 
ensxiree  an  angle  of  sight  of  the  instrunent  near  140*.  By  increasing  the  frequency 
of  the  difference  tone  one  can  detemine  the  direction  to  the  source  of  infrared 
radiation  with  a  precision  ot  ±  5*. 

By  the  height  of  the  produced  tone,  it  is  possible  tentatively  to  Judge  also 
as  to  whether  the  soldier  is  in  a  dangsrous  sons  oi^  in  a  zone  of  preliminary 
warning.  Thus,  if  the  soldier  is  in  a  sons  of  preliminary  warning  (within  limits 
of  l->3  fold  range  of  the  observation  instrvMnt)  the  indicator  produces  a  tone  of 
low  frequency  at  200-2000  cps.  When  In  a  dangerous  sons  (range  of  the  instrment 
of  observation)  the  frequency  of  the  tone  Is  Increased  to  2,000-10,000  cps  (grows 
as  it  nears  the  Instrvmsnt  of  observation). 

The  IRI-03  has  indisputable  advantage  over  metascopee  since  the  eye  and  hands 
of  a  soldier  always  remain  free  and,  furthermore,  with  the  help  o'  the  instnmwnt, 
one  can  estimate,  qualitatively,  the  direction  to  the  irradiator  and  the  distance 
to  it  (effect  of  proximity  of  irradiator). 


M«tMCop«s  and  instnMnt*  of  th«  ’’Snooporveopa'*  typa  do  not  allow  obsarratlon 
without  pralialnarj  blaa  lighting  of  targots.  Naturalljy  tha  question  appears  about 
creating  squipBent  allowing  the  observation  of  targsts  because  of  their  Irradlance 
bj  the  night  sky. 

At  night  the  basic  sources  creating  on  the  surface  of  earth  a  definite  level 
of  llluslnance  are  the  Boon,  the  stars,  and  space  filled  with  billions  of  stars 
Invlelble  to  the  eye,  but  sending  to  earth  a  significantly  larger  energy  content 
of  radiation  than  all  the  stars  visible  to  the  eye.  In  night  sky  radiation  a 
noticeable  role  is  played  by  radiation  in  the  infrared  part  of  the  spectrm, 
expeclally  with  a  wave  length  of  1.03  m •  In  the  presence  of  overcast,  irradlance 
of  ground  objects  sharply  decreases  due  to  scattering  and  absorption  of  radiation 
energy  in  the  thickness  of  the  clouds. 

Dependency  of  lUxadnanee  of  ground  cover  after  tersinatlon  of  astronoBical 
twilight  (Sun  is  beyond  the  horlaon  Bore  than  18*)  on  state  of  the  overcast  for 
average  latitudes  Is  shoen  in  Fig.  Till. 18  Cl5]. 

The  given  curves  show  that  during  clear  weather  and  full  noon,  when  on  the 
site  It  is  possible  aore  or  less  to  be  oriented,  illuninance  of  terrestrial  cover 
constitutes  a  sagnltude  of  the  order  of  tenth  fractions  of  lux.  In  the  ebeence  of 
the  Boon,  Uluainsnce  sharply  drops,  attaining  values  of  the  order  of  10~3-.io-4  lux. 
With  such  conditions,  not  only  froa  the  air,  but  also  on  earth  from  coaparatlvely 
close  distances,  one  cannot  detect  object#  visually. 

A.  A.  Gershun  Cl6]  presents  averaged  nuBsrieal  values  of  levels  of  natural 
night  lUwinance; 

in  full  Boon  during  claar  sky  0.2  lux) 

on  BoonlesB  clear  night  0.001^.002  lux; 

on  BXMnleSB  night  during  overcast  of  average  density  0.0005-0.001  lux; 

on  Boonlsss  night  during  overcast  0.0002  lux. 


Such  lllu«in*nce  of  object*  with 
coefficient  of  diffuse  reflection  p*  0.4 
will  c^ete  risible  brightness  within 
linits  of  0.025*10“^— 0.000025-10"^  stilb 
(0.025-0.000025  nit). 

It  is  established  fl7]  that  on  a 
dark  night  the  threshold  of  light  signals 
for  the  ejeu  has  the  following  values: 
by  spot,  Bn*  *  (0.9-1)  10  t  *; 
by  point,  £„  *  1-10“’7  lux. 

The  given  raluss  of  threshold 
BMgnitudes  are  obtained  when  conducting 
special  experiaents  and,  therefore,  can 
significantly  differ  during  obserration 
in  real  conditions,  when  physical  and  psycho- physiological  factors,  unaccounted  for 
during  the  experiment,  will  hare  an  effect.  Depending  upon  this,  the  real  threshold 
of  brightness  can  differ  from  that  giren  by  20-50  times  to  the  larger  side,  i.e.. 

Bn  -  (2-5)  10"^  nit. 

Prom  the  above-stated  it  follows  that  in  real  conditions,  during  visual 
observation  of  ground  objects  at  night,  their  own  brightness  is  insufficient  for 
their  detection;  an  exception  will  be  obserration  in  full  moon  during  clear  sky,  if 
one  considers  that  for  Identification  of  objects  it  is  necessary  to  work,  not  at  the 
threshold  value  of  brightness,  but  at  a  significantly  larger  value. 

In  this  connection  it  is  necessary  to  note  one  more  dependency,  namely,  the 
depende'.icy  of  the  resolving  power  of  the  eye  on  the  brightness  of  observed  objects 
(Table  TIII.l). 


Pig.  Tin.  18.  Might  Irradianee 
of  earth's  surface: 

1 — clear,  full  moon;  2--average 
overcast,  full  sioon:  3— dear, 
no  moon;  4 — average  overcast,  no 
oioon;  5~strong  overcast,  no  moon. 
ICET:  (a)  lUuainance  In  foot- 
candles  (foot-candle  =  10.764  lux); 
(b)  Hours  after  tennination  of 
astronomical  twilight. 


"flussian  subscript  "n"  indicates  "threshold." — Ed. 


Table  VIII.  1.  Dependency  of  the  Ani;le  of  Reeolution  of  the 
^  on  Brifhtneee  of  the  Object. 


Brightness, 

ri  ;■  t  . 

Angle  of  re¬ 
solution, 
minutes 

1 

Brightnesflb 

nit. 

Angle  of  resolution, 
minutes 

3.142-10-4 

50 

1.57 

2 

1.57-10“^ 

30 

3.142 

1.5 

3.142*10-3 

17 

15.7 

1.2 

1.57*10"^ 

11 

31.42 

0.9 

3.142*10“^ 

9 

3U.2 

0.6 

0.157 

4 

1570 

0.7 

0.3142 

3 

3142 

0.7 

The  reeolrlng  power  of  the  eye,  as  aleo  its  ability  to  perceive  threshold 
values  of  brightness  or  illtsninance  on  the  pupil »  essentially  depends  on  the 
conditions  of  observation  and,  therefore,  can  differ  from  experimental  data  by 
5-10  times. 

Thus,  ‘  execution  of  ni^ht  reconnaissance  it  is  necessary  to  increase 
brightness  of  image  of  observed  objects  with  a  sinultaneous  decrease  of  resolution 
angle. 

Optical  InstnBenta  cannot  do  this  since  (perceived  by  the  eye)  image  brightness 
of  an  object  observed  in  an  optical  instrwent  is  always  less  than  intrinsic 
brightness  of  the  actual  object,  due  to  losses  in  optics,  and  may  be  calculated  by 
the  formula 

-  (VTII.2) 

where  is  brightness  of  the  object; 

d  is  eyepiece  of  the  instnmient; 
df,  is  pupil  of  eye  adapted  to  darkness  (d^  ^  d); 

■*0.8  is  optical  tranasiission  of  the  instruraent 


Whan  applying  electron-optical  Inetnaienta  for  intelligence  purposes,  it 
becomes  possibla  to  incirease  brightness  of  image  of  obserred  objects  at  night  so 
much  that  they  Mill  be  easily  deciphered  by  obserrer.  Aa  already  was  noted  in 
Chapter  VI,  application  of  stage  conrerters  allows  us  significantly  (100-1000  tines) 
to  strengthen  brightness  of  image  and  to  make  possible  obserration  of  site  at  night, 
when  objects  are  not  examined  by  the  eye.  According  to  literature  [18],  multistage 
image  con'^rters  allow  us  to  obw.n  during  optisnsR  conditions  an  amplification 
factor  with  respect  to  brightness  of  *  10^.  Such  amplification  of  brightness 
gives  the  poseiollity  of  creating  electron-optical  Instrunents  of  intelligence 
during  natural  night  illuminance  10"^  - 10“^  lux. 

5.  Television  Systesis  of  Heightened  Sensitivity 

Instrtmients  considered  in  Section  k  are  instnstents  of  direct  observation  of 
site  and  require  presence  of  a  special  observer,  who  only  after  a  certain  time  can 
transmit  to  coanand  the  subjective  results  of  hie  observations.  However,  it  is 
desirable  to  obtain  information  during  all  the  time  of  observation  directly  at  the 
costnand  post. 

With  this  goal,  more  and  more  being  introduced  are  methods  of  television 
intelligence  by  day,  in  twilight,  and  night  time. 

Introduction  of  night  television  intelligence  is  connected  with  the  necessity 
of  creating  special  highly  senaltlve  transmittlnj  tubes,  able  to  produce  sufficient 
sig  .al  during  small  or  very  insignificant  illimilnance  on  photocathode. 

Published  data  indlcatee  that  the  present,  ustial  television  tubes  can  normally 
work  dr>ring  illuainance  on  the  photocathode  of  the  order  of  unity  and  tenth 
fractions  of  lux.  In  Table  Till. 2,  according  to  [SO]^,  ra]r*s  >re  given  of  necessary 
illiminaree  of  objects  £=«  and  the  optisnmi  values  cf  the  relative  hole  of  objectives 
A  of  cortsmporary  tranaaltting  tubes.  In  the  same  place  are  given  computed  values 
of  illimiinance  of  object  and  photoeathode  E^when  using  an  objective  with  relative 
hole  A  ^  1:2. 


Table  VIII. 2.  IlluBlnaBC*  of  Site,  RecMMrj  fo'  NonMl  Work 

cf  Television  Tube*. 


Type  of  Tube 

Lux 

A 

■KSI 

Supericonoscope 

3000 

lt3.5 

1000 

25 

Crthlcon 

ux 

1;6.3 

uo 

3.5 

Image  orthlcon  Ll-17 

100 

1J4.5 

20.8 

0.5 

laage  orthlcon  Li-201 

330 

1:4.5 

62.5 

1.5 

Vidlcon 

330 

1:2 

330 

10 

IllTadrance  £#  le  calculated  by  the  foneula 

T  (VIII.3) 

where  Ee  la  illoalnsnee  on  photocathode; 

£«e  la  lUisdAsnce  on  object; 

M  la  reflectivity  of  aurfaee  of  object; 

\  la  trananlealon  of  objective; 
la  tranmisalon  of  ataesphere. 

Aa  can  be  seen  froe  the  table,  even  auch  aenaltlve  tubes  as  iJU^e  orthlcona 
do  not  allow  observation  either  at  ni^t  or  in  twilight.  Therefore,  for  the 
creation  of  night  reeonnalsaance  television  aystess  it  la  necessary  to  increase 
sensitivity  of  the  tranasdttlng  tubes. 

Sensitivity  of  any  transMlttlng  television  tube  la  Halted  by  the  noises 
appearing  in  the  process  of  converting  light  into  photocurrent,  the  noises  of 
cossratatlng  electron  beaa,  and  the  noises  of  the  preaB|>l  if ler .  The  last  two 
sources  of  noises  predoalnat#.  Conseqr-i^l^y  **  la  aost  profitable  to  produce 
aaplification  of  photocurrent  until  electron  beaa  produces  coaautation  of  charge 
acetanilated  on  the  target. 


Such  wpliflcAtlon  of  photocurrent 


Mj  be  perforned  by  three  Bethoda: 

by  secondary  electron  aapllflcatlon 
of  photocurrent; 

by  Induced  conductivity; 
by  li^t  anplification  of  the  iMge 

Fif .  VIII. 19.  Dlagraa  of  the 

construction  of  an  ibicon  tube.  on  the  principle  of  electron-optical 

conversion . 

The  last  tuo  aethods  have  been  used,  which,  judging  by  the  available  data  in 
literature,  brought  reassuring  results. 

In  Pig.  VIII.  19  is  depicted  a  diagrasi  of  an  ibicon  tube  using  the  phenonenon 
of  induced  conductivity. 

With  respect  to  signal  fonaatlon  an  ibicon  signal  hardly  differs  frost  a 
vidlcon,  however,  the  addition  of  a  section  of  transfer  of  electron  iaage  allows 
repeated  increase  of  current,  creating  potential  relief  on  target,  and,  consequently, 
sensitivity  of  tube. 

In  construction,  an  ibicon  consists  of  three  units:  a  section  of  transfer 
of  electron  iaage  with  photocathode  and  accelerating  electrodes  I,  a  target  II  in 
which  Is  excited  induced  conductivity,  and  a  section  of  comaunlcatlon  with  electron 
gun  and  eysten  of  electraaagnets  III.  Intensive  signal  is  raK>ved  directly  from 
the  target  and  noves  to  the  input  tube  of  the  video  aaplifier. 

If  in  the  vldicon  IvBiinoua  flux  is  used  directly  for  a  change  of  resistance 
at  separate  points  of  the  target,  then  in  the  ibicon  it  affects  the  photocathode, 
oBlttlng,  due  to  this,  photoelectrons.  Photoelectrons,  getting  in  the  accelerating 
field  of  the  section  of  transfer,  obtain  high  energy  and  strike  against  the  Bead- 
conductor  target.  The  target  of  the  ibicon  fulfilla  two  functions  -  accusiulatlon 
of  charge  and  precosBiutatlon  anpllfication  of  the  photocurrent. 


TPh 


It  is  posaibl*  to  jrofont  •ehoMtioAlIj  tho  targot  of  th«  iblcon  II  in  tho 
font  of  a  thin  plata  of  a  aaMioondaetor  2  (dialaetrle ) ,  confinad  batwaan  two 
crnducting  filna  1  and  3,  to  vhieh  la  appllad  aoltaga.  Tha  fbont  (tumad  toward 
tha  photoeathode )  altnlnw  fUa  3,  0.2  m  thiek,  fraaly  eonducta  photoalactrona 
accalaratad  by  voltaga  of  20  Inr  and  abora  to  tha  Inyar  of  tha  aanleonduetor 
(dialaetrle},  which  cauaaa  tha  appaaranca  of  currant  (In  tha  abaanea  of 
photoalactrona  thara  la  praetioally  no  currant  in  tha  aaadeonductor) . 

Appaaranca  of  a  currant  of  photoalactrona  in  tha  aaBieonduutor  aaokas  tha 
appaaranca  of  induced  currant  I.  Tha  ratio  I/l^  it  is  poaaibla  to  eonaidar  aa  the 
anpliflcatlon  factor  of  tha  tuba  with  raapaet  to  currant,  eaualng  a  oorraaponding 
light  anpliflcatlon  of  tha  ianga. 

Tha  Ibicon  tuoa  (according  to  [23])  has  a  aanaitlYity  200  tinea  batter  than 

tha  eontanporary  inaga  orthicon.  Tha  tuba  ankaa  it  poaaibla  to  obtain  an 

with  a  elaamaaa  of  no  laaa  than  250  linaa  (operational  aurfaea  of  target  7  ca 

-A. 

during  iiluninanca  on  tha  photoeathode  3*10  lux.  Tha  caaiiaa  oxide  photoeathode 
of  the  tuba  haa  a  aansitlrity  of  hP  nicroanpereAv  Md  an  acealaratlng  aoltega 
in  tha  aaction  of  transfer  of  alactron  inaga  equal  to  30  kw,  which  anauraa,  at  a 
giren  loTal  of  lUiaainanca ,  a  photoourrant  of  tha  order  of  10~^^  anp. 

Whan  using  a  ceaiw  antinonlde  photoeathode  [24],  the  nlnintn  laral  of 
illvaiinanoa  of  tha  photoeathode  ia  lowered  to  10~^ — 5*10~^  lux,  which  allows 
obaanration  in  tba  dark  period  of  tha  twanty^fbur  hours,  on  a  clear  nooolaas  night. 

Reassturing  results  ware  obtained  also  aa  a  result  of  works  with  tubas  of  tha 
Inaga  orthicon  type,  hd^ustnant  of  internal  unite  of  the  langa  orthicon  allowed 
inereaaa  in  their  sensitlTity  of  50-500  tinea.  Thus,  in  the  WL-719d  tube  [25], 
Intended  for  aircraft  taleTlslon  eq^dpawnt,  only  by  increasing  rigidity  of  Internal 
construction  could  sansitlaity  and  raaolTlng  power  in  oonditlons  of  rlbratloiia  and 
large  accelarationa  be  increased.  This  tdbe  anaured  the  obtainii^  of  an  inaga  with 
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cleam«S8  250  lines  during  g-forces  of  -j  frequency  of  vlbretions  50-500  cps,  and 
llliBilnance  of  photoeathode  3«10"^  lux. 

Moving  grid  from  target  3-4  m  also  prcsioted  lifting  of  sensitlTitj  of  iaage 
orthicon  due  to  the  esuUer  influence  of  the  potential  of  the  grid  on  the  potential 
relief  of  the  target. 

Recently  there  have  been  introduced  new  aultl-alkali  photocalhodes  with  a 
sensitivity  of  200  Bieroaapere/lu  and  above  instead  of  70-90  aicroasipere/lu  for 
bisButh  silver.  Such  photocathodes  will  allow  increase  in  sensitivity  of  inage 
orthlcons,  increase  in  stability  of  their  paraswters,  and  longevity  of  operation 
[153. 

However,  'there  exists  another  very  effective  way  of  sharply  increasing  sensi¬ 
tivity  of  contemporary  iaage  orthlcons,  which  solves  the  problem  of  Intelligence 
at  night  w/ith  the  help  of  television  equipment.  This  way  consists  in  the  pre- 
llzilnaxT^  amplification  of  image  brightness  with  the  help  of  stage  electron-optical 
amplif  i«ars  of  brightness  [153.  A  diagrssi  of  such  a  tube  with  one  amplifier  stage 
of  brightness  is  shown  in  Fig.  VIII. 20,  and  a  general  view  -  in  Fig.  7111.21. 

With  the  help  of  the  objective,  the  iaage  of  the  observed  object  is  projected 
on  the  photocathode  of  the  Ismge  converter,  on  whose  screen  is  obtained  an  isisge 
amplified  in  brightness.  In  the  case  of  one-stage  amplification,  the  glow  of  the 
screen  causes  emission  of  electrons  from  the  second  photocathode,  located  on  the 
other  side  of  the  film  of  the  screen  and  starting  the  usual  section  of  transfer  of 
the  image  orthicon.  During  application  of  a  two-etage  amplifier,  there  occurs 
intermediate  amplification  of  isuge  brlghtneee  with  the  help  of  the  fii'St  and 
second  Ivssineecent  screens. 

Sensitivity  of  such  tubes  depsnds  on  ai^tlification  of  brightness  In  image 
converters.  During  eoordinstlon  of  spsctral  characteristics  of  radiation  of  screens 
and  sensitivity  of  Intsrmedlata  photoesthodss,  one  stage  ensm  s  a  current  ampli¬ 
fication  of  10-20  times  with  an  accelerating  voltage  of  10  kv;  during  two  stages 

there  can  be  obtained  a  300-fold  amplification. 

??6 


Quantity  of  aapiifier  stages  of 
brlghtnasa  la  limited  bjr  decraaae  in 
raaolTijfig  power  of  InstnmMnt  (espaci&lljr 
Along  the  edgea  of  the  field  of  aight), 
detemined  by  aberrations  of  the  electron- 


Fig.  VIII. 20  Diagram  of  Image 
orthicon  With  one  amplifier  atege 
of  brlghtneaa. 

1 — first  photocathoda  {  forming 

of  electron  image;  3— ^imdn» 
film;  4— 'Screen  with  phosphorus; 

thin  diaphragm  from  mica;  6>- 
second  photocathode;  7— secondary 
forming  of  electron  image;  8~-screen> 
trap;  9 — thin  glaaa  target;  lCV-> 
electron  ray;  ll->electron  gun;  12-^ 
electron  multiplier;  13~output  of 
video  signal. 


optical  systsoi  and  light  scattering  in 
films  dividing  the  screens  and  intermediate 
photoeathodes »  and  also  granularity  of 
screen.  With  optlmua  selection  of  thickness 
of  film  and  granularity  of  screen  re¬ 
solution  In  the  center  of  the  field  of 
sight  can  be  obtained  with  one  amplifier 


stage  at  600-650  lines,  but  with  tis»-stages  -  at  450  lines.  A  development  type  of 


such  a  tuba,  with  a  two-ataga  amplifier  of  brightness,  mads  it  posaible  to  obtain 


an  image  with  cD.eameas  not  lese  than  100  lines  d\uing  iUuainancs  on  photocathode 
of  10“^  lux. 


In  Fig.  VIII. 22  la  shown  the 
dependency  of  the  rtsolvlng  power  of 
stodio  image  orthicon  1  and  Image  orthicon 
with  one  amplifier  stage  2  on  the  lUmu.- 
nance  on  the  photocathode.  In  the  same 

Wg.  VI II. 21.  Image  orthicon 

with  one-atage  amplification  place  there  le  given,  theoretically 

of  brlghtneaa. 

calculated  by  Horton,  curve  3  for  an 

ideal  inetruaent,  in  which  there  take  place  only  fluctuations  of  photocurrent,  and 
the  aensitivity  of  which  la  limited  not  by  nolees  of  the  electron  beam,  but  by 
noisaa  of  the  photocurrsnt, . 

The  considered  works  in  the  region  of  creating  highly  sensitive  tranmtlttlng 
television  tubes  allowed  the  developmot  of  equipment  for  carrying  out  rec<»  mlssance 


on  a  Boonloss  n.L^t  (so-called  "cat  eTe")  [26,  27,  28],  in  which  aa  a  seneltlve 
elaaent  ie  applied  an  ixage  orthicon  with  one  aaplifier  stage  of  brightness.  It 
is  noted  that  the  sensltlTity  of  the  "cat  eye"  equipMnt  Is  lOCX)  tiases  higher  than 
the  seneltlTlty  of  the  usual  telewialon  caaeras  with  image  orthicon. 


Pig.  VIII  .22.  Dependency  of  resolving  power  of 
tranflsltting  tubes  on  illtuinanee  on  the  photo¬ 
cathode  . 

RET:  (a)  Resolving  power  (lines);  (b)  Illistinance 
of  photocathoda ,  lu/foot  (l  lu/foot^  =  1  foot-candle  ■ 

-  10.76i»  lux). 

6.  Instruments  for  Making  a  Thensal  Hap  of  a  Site 

As  a  rule,  the  methods  of  observation  considered  in  preceding  divisions  use 
comparatively  shorttave  infrared  radiation.  An  exception  is  the  method  of  evaporation 
recording,  in  which  for  construction  of  an  image  practically  all  the  radiation  of 
the  heated  body  participates. 

During  heat  recording,  on  which  is  based  the  development  of  equipment  for 
making  thermal  maps  of  sites,  there  is  carried  out  the  registration  of  all  the 
spectrum  of  radiation,  whose  region  is  limited  only  by  transparency  of  atmosphere 
and  the  optical  elesMnts  of  the  recording  instmnent.  However,  application  of 
long-wave  radiation  during  heat  recording  is,  at  the  same  time,  a  deficiency  of 
this  method,  since  this  radiation  always  accompanies  the  intarferring  scattered 
radiation  of  surrounding  bodies,  of  the  receiver  itself,  and  so  forth.  Therefore, 
during  heet  recording,  as  during  evaporation  recordings,  there  will  always  be 
recorded  a  difference  of  tempeiatures  (thersml  con..rast)  between  the  observed  object 
and  tho  bodies  surrounding  it  (background),  and  also  between  eepmrate  sections  of 
the  surfece  of  the  observed  object. 
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InstruMnts  for  observation  baaed  on  the  heat  recording  Method  in  general 
have  to  irclixte:  a  receive"  (theraoelflaent ,  boloaeter,  or  other  indicator)  placed 
In  the  focus  of  the  objaetive  or  spherical  nirror  with  a  nail  angle  of  sight,  a 
turning  device  for  an  elaaHmt-b]r"Slnont  exsBlnation  of  space,  and  a  recording 
device  for  recording  radiation  latensitj  of  each  elssMnt  of  the  examined  space, 
and  also  a  standard  so\irce  of  radiation  for  comparison  of  radiation  intensitj  of 
the  separate  parts  of  landscape  and  a  device  compensating  for  radiation  of  the 
background . 

As  an  example  of  such  sTstssw  it  is  possible  to  present  the  photographic 
Beil  telescope  [29]  and  an  instrument  for  thermal  reconnaissance  of  a  site  [30]. 

The  photographic  Beil  telescope  is  a  sjstem  with  an  objective  30  cm  in 
diameter,  in  whose  focus  is  fixed  a  theimopile  with  a  small  tiam  constant.  The 
thensopile  is  connected  in  opposition  to  a  compensating  thensoelasmnt  having 
identical  sensitivity  but  a  largs  time  lag.  The  resudtant  dlfferenes  signal  moves 
to  the  entrance  of  a  highly  sensitive  galvanometer.  Thus,  the  galvanometer  reacts 
to  a  difference  in  the  thensoelectric  currents  of  the  recording  thermopile  and  the 
thermoelement  irradiated  by  the  total  radiation  of  the  landscape.  The  scanning  of 
examined  space  is  per  line  and  is  carried  out  by  means  of  slow  turn  of  telescope 
in  a  horisontal  plane  and  a  fast  intermittent  turn  of  it  in  a  vertical  plane  around 
a  horisontal  axis.  T  e  turn  of  the  mirror  of  the  galvanosMter  at  each  given 
moment  of  time  will  be  proportional  to  the  surptlus  of  temperature  of  the  considered 
object  above  the  average  temperature  of  the  background.  A  ray  of  light  from  the 
special  source  is  reflected  by  the  mirror  of  the  galvanometer  throtigh  a  special 
triangular  dlaphra^  to  a  photographic  plate  in  such  a  way  that  its  intensity,  and, 
consequently,  also  the  density  of  blackening  of  the  photographic  smulsion  will  be 
proportional  to  the  angle  of  rotation  of  the  mirror.  The  motion  of  the  recording 
beam  along  the  photographic  plate  ia  synchronised  with  the  scanning  systam. 

Tisw  of  exposure  by  the  Beil  Instnmwnt  ia  rather  long  since  all  the  considered 
picture  ie  inspected  by  the  turn  of  one  eensitive  eleannt .  Thus,  if  the  time  constant 


of  the  rvcording  thenaopile  is  0.1  eec*  then  it  Is  possible  to  photograph  only  10 
points  psr  second,  and  to  obtain  a  f\ill  picture  10-35  sinutes  will  be  deaanded, 
depending  upon  its  dlMnsions.  Koeever,  this  tlsM,  in  principle,  can  be  reduced, 
increasing  the  quantity  of  receiring  elenents  or  preparing  a  aosaic  of  thersoelesientB. 

In  Fig.  VIII. 23  is  a  photograph  of  a  water  tower,  taken  due  to  its  intrinsic 

emission  frost  a  distance  of  1  ksi.  Tine  of  exposure  was  10  ninutes. 

The  instrtaient  for  photographing 

objects  in  the  long-ware  region  of  the 

infrared  epectnas  (Fig.  VIII. 24a)  is,  as 

in  the  first  case,  a  derice  making  it 

possible  to  obtain  an  Image  due  to  the 

difference  in  tasperatures  of  separate 

clesMnte  of  objects  and  the  background. 

Fig.  VIII. 23.  Thermal  photograph  In  distinction  from  the  Beil  telescope 
of  a  water  tower. 

this  instrument  suUces  it  possible  to 

obtain  a  picture  of  the  distribution  of  temperature  along  a  surface  by  cosiparlson 
of  proceeding  radiation  with  radiation  of  a  standard  black  body. 

The  Instnmwnt  (Fig.  VIII. 24b),  with  a  total  weight  near  45  kg,  consists  of 
nirror-lsns  objeetir*  1,  in  whose  ibeal  plane  is  placed  a  bolometer  with  amplifying 
diagram  2,  turning  m^.'Tor  3  synchronously  connected  with  the  systasi  of  recording  4 
on  photographic  film  5,  and  a  device  regulating  the  intensity  of  recording  beam  6 
depending  upon  radiation  energy  hitting  the  bolometer. 

In  the  focal  plane  of  the  mirroi^lens  objective  is  disposed  a  sesdconductor 
bolflswter,  whose  sensitive  element  is  covered  by  a  KRS-5  filter.  The  image  of  the 
observed  object,  by  elcBient,  la  projected  on  the  objective  with  the  help  of  the 
scanning  mirror,  located  st  an  angle  of  45*  to  the  axis  of  the  objective.  Scanning 
of  the  image  is  carried  out  on  a  television  principle  -  per  line  in  a  rectangular 
frame.  Scanning  tims  for  the  entire  frame  ie  determined  by  the  sensitivity  and  time 
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of  th«  boloMtor,  and  also  hy  th«  raqtsdrod  dagroe  of  axporar*  of  th«  parts  and 
can  b«  ehangad  within  2-15  ain  with  a  boloaatar  tlaa  constant  of  0.001  sac.  Ths 
Instantansous  flsld  of  sight  ol  ths  "objsetlws  -  sansitlrs  olMsnt*’  sTStsa,  which 
dstsminss  ths  rssolrlng  powsr  of  ths  instrtMRt,  is  lass  than  30  angular  ainutas. 
Tha  flald  of  sight  of  ths  antira  aystaa  Is  10*  wartioallj  and  20*  horlsontallj. 

Tha  sansitlrlt^  of  tha  Inatrvaant  allows  tha  raoordlng  of  radiation  of  nalghbcring 
sactlons  of  tha  photographad  objaot  with  a  dlffaranea  In  tsapsratura  of  0.02*C. 
With  such  ssnsltirltj  tha  instrvBant  can  aaaaura  tha  surfaes  taaparatura  of  tha 


photographad  objaet  within  limits  of  -170 


fig.  VIII. 24a.  Ganaral  rlaw  of  an 

InstnaMmt  for  photographing  in  tha 
long-wava  part  of  tha  infrarod 
spactnai,  tha  "Optitham". 


'►300*0. 


fig.  ''11.24b.  Dlagraa  of  an 
instnasnt  for  photographing  in 
th^  long-wars  part  of  tha  apoctnas 
tha  "Optltham". 


Change  of  boloaiatar  currant  after  amplification  is  used  for  modulating  tha 
radiation  of  tha  neon  tuba  of  tha  glow  discharga.  Lvainotim  flux  of  tha  glow  dls- 
eharga  tuba  Is  scannad  with  raspact  to  tha  usual  photographic  plate  bj  tha  second 
mirror,  sTnchronoualj  connected  with  tha  seaming  mirror.  On  tha  path  of  luminous 
flux  propagation  thara  Is  located  a  collimator  lens,  ensuring  on  tha  photographic 
plats  a  point  image  of  tha  neon  tuba. 

A  bolomatrlc  racelTar  together  with  an  objactiaa,  a  modulating  derice,  and  a 
black  body  are  placed  in  a  massirs  housing  to  prersnt  changes  in  msblent  tamparature 
frcei  affecting  lualltjr  of  Imaga. 

Vith  tha  help  of  a  special  sector  disk  (modulator),  rotatabla  bj  motor,  the 
sensitlTs  almsant  of  tha  bolomatar  la  altematelj’  subjected  to  irradiation  from  tha 
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direction  of  the  photographed  object  and  the  black  body  (Fig.  VTII.2Uc).  For  that, 
opaque  sectors  of  the  modulator,  not  conducting  direct  radiation  of  an  object  to 
the  bolometer,  have  on  the  rear  side  (turned  to  the  bolometer)  mirror  surfaces. 
Radiation  of  a  black  body  by  means  of  a  reflecting  mirror  inclined  at  an  angle  of 
to  the  optical  axes  of  the  instrument,  and  of  a  black  body  at  the  moment  when 
the  entrance  of  the  bolometer  is  covered  by  the  sector  modulator,  gets  on  the 
bolometer. 


Fig.  VIII.2iiC.  Diagram  of  the 
head  of  the  "Optithsrm": 

1  —  standard  black  body;  2-- 
deflecting  mirror;* 3--bolometer 
with  amiplifier;  — s/nchronizer; 
F — modulator. 


A  second  disk  put  on  the  same  axis 
modulates  radiation  of  a  special  tube, 
irradiating  a  phototriode  intended  for 
the  oscillating  of  synchronizing  signals. 
Comparison  of  phase  relationships  and 
amplitudes  of  signad  from  the  bolometer 
at  the  moment  of  its  irradiation  by  a 
black  body  (synchronizing  signal)  and  by 
the  photcgraphed  object  gives  the  possi¬ 


bility  of  detemining  relationship  of 

temperatures  of  the  photographed  object  and  the  standard  black  body.  In  Fig.  VTri.25 
there  is  a  photograph  of  a  man,  obtained  with  the  held  of  the  "Optitherm." 


Fig.  VIII. 25.  Image,  obtained  in  full  darkness 
wi*h  the  help  of  the  head  of  the  "Optitherm." 


Tjtbl*  Till. 3 •  BmIc  DatA  of  th*  Radio— trie  Hoad 
of  tho  '  i  therm" . 


Designation  of  para— ter 

Variety  of  bolo— ter 

II 

III 

Di— nsion  of  receiver,  — 

0.3  I  0.3 

1.0  X  1.0 

2.5  X  2.5 

Instantaneous  field  of  sight, 
degree 

1X1 

0.2  X  0.2 

0.5  X  0.5 

Time  constant,  sec 

0.016 

0.016 

0.016 

Sensitivity,  w/cm^ 

2- 10-1^ 

6.7*10-^ 

1.7 '10'^° 

Equivalent  temperature  noises, 

•c 

0.1 

0.03 

0.01 

7.  Otaftnration  frog  Space 


Successful  rsAllaatlon  of  launchings  of  artificial  earth  satellites,  capable 
of  being  in  space  near  Earth  for  a  long  period  of  tl—,  and  successes  In  the  region 
of  radio  electronics  hare  nade  it  poMible  to  eolTs  the  probleai  of  the  obserratlon 
(x^oonnaissance)  of  ground  objects  froa  space. 

It  is  indicated  that  such  reconnaissance  in  the  case  of  launching  s  satellite 
on  a  polar  orbit  can  be  conducted  fbr  the  purpose  of  obtaining  Infonsation  about 
BilltaxT  objects  and  for  collection  of  data  about  fonalng  of  orercast  of  terrestrial 
atnosphere,  ^ich  is  necessarjr  for  escact  weather  forecast  In  aiqr  region  of  the  globe. 

In  a  pibllshed  account  in  the  United  States  of  the  Laboratorj  of  Interplanetary 
Reconnaioance,  "Basic  Considerations  About  Conducting  Reconnaissance  froai  Satellites", 
[31*  32,  33]  there  are  considered  the  physical  capabilities  and  limitations  of  such 
equip— nt.  Rrom  a  l^'*ge  nimber  of  physical  and  structural  questions  the  authors 
of  the  uortc  eeparate  three  basic  probla— ,  Icnowledge  of  which  Is  neceaeary  for  the 
creation  of  an  actually  cffsctius  means  of  Intelllgenco.  A—ng  them  are:  pecvdl- 
aritles  of  radiation  of  the  earth's  surface,  prupagabjiun  01  raoxant  iiux  xong 
distances  through  atmos^re,  end  reeol-rlng  po— r  of  squipaient. 
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The  earth  as  a  source  of  radiant  flux  in  space  can  be  considered  as  a  body,  in 
the  radiation  of  which  are  ebserred  three  components:  reflected  solar  radiation, 
intrinsic  low-temperature  radiation,  and  radiation  of  artificial  sources  created 
by  the  activity  of  man. 

The  solar  radiation  reflected  by  earth's  surface  has  a  naxiimati  spectral  density 
oi  radiation  in  the  visible  part  of  the  spectrum.  It  is  determined  both  by 
irradiance  of  earth's  surface  anc.  oy  its  reflectance  (albedo).  In  turn,  irradlance 
of  ea'>h'8  surface  depends  on  height  of  Sun,  geographic  latitude,  tioie  of  the  year 
and  the  dv  /.  and  also  on  the  state  of  the  atmosphere. 

r*utside  the  atmosphere  irradiance  due  to  solar  radiation  constitutes 

]  . 94  cal/cnT.min,  which  in  photometric  units  corresponds  to  illuminance  of  13,600 

foot- candles Cl  foot-candle  (l  -  10.764  lux  (  10.764 

toot*-  foot^ 

Due  to  losses  in  the  atioosphere,  lllvminance  of  earth's  surface  at  noon  of  a 
clear  day  can  attain  a  ESjt-'iJBMn  magnitude  of  10,000  foot-candles,  where  SO%  of  the 
11  Ixiriinance  is  caused  by  ttiaight  solar  beams,  and  20%  is  due  to  light  scattered 
by  the  atmosphere.  The  value  ol  average  albedo  of  earth's  surface  and  atsiosphere 
oacillacoa  within  limits  of  0. 3^-0. depending  upon  the  state  of  the  overcast, 
the  ‘i-*.riety  of  natural  formations,  the  angle  of  incidence  of  radiant  flux  and  its 
spectral  conpocltlon.  Pox'  a  mean  v?.Iue  of  Eaich's  albedo  Is  taken  the  magnitude 
0.45. 

Clouds,  water,  and  onc^  refl.ect  radiant  flux  very  well.  If  reflection  from 
clouds  depends  on  their  thickness  and  water  content  and  preserves  its  constancy 
up  to  3  y-  ,  tnen  green,  having  low  rr flection  in  the  visible  part  of  'the  spcctnmi, 
8ha»*ply  inciwises  its  alTieon  in  the  infrared  part  of  the  spectiean.  Reflectance  of 
the  e^iwoth  surface  of  water  depends  on  height  of  Sun  (Zq)  and  duirlng  angles  of 
incidence  oi  radlsnt  flux  aaoller  than  40*,  reflection  is  practically  absent  (at 
“  0.02,  and  at  Zq  -  85*  P  -  0.4). 


Low>tmp«r«ture  radiation  of  Earth 
In  apaea  la  the  raault  of  abaorption  of 
solar  ensr^.  It  has  a  ontimiDua 
spsctnsi  in  a  wars  range  of  4*^  m  with 
BMxian  naai'  12  m  howsTer,  dus  to 
salsctlTs  abaorption  hj  atanaphara  beyond 
lt»<  liadta  radiation  goaa  out  in  a  narrower 
spectral  eaction  (Fig.  ▼III.26).  This 
radiation  changes  little  during  the 
twsnt]r>four  hour  day  creates  uniform 
background  around  Earth.  In  spite  of  the 

RET:  (a)  Intensitr  of  radiation  in 
relatire  units |  (b)  Wave  length «  m  *  fact  that  the  average  teaiperature  of 

Earth  is  equal  to  287*K»  the  teaiperature 
of  its  effective  radiation  constitutes  252*K  because  of  absorption  of  radiation 
energy  by  water  vapor,  carbon  dioxide,  and  osone. 

The  third  component  -  radiation  of  artificial  sources  on  Earth  •  differs 
from  the  first  two  both  in  its  temperature  and  in  its  dloenaions.  They  have 
surface  temperatures  significantly  exceeding,  aometines,  the  temperature  of  earth's 
surface,  different  spectral  composition  of  radiation,  and,  according  to  the  character 
of  their  location,  carry  a  local  chairacter  which  aakes  it  possible  to  distinguish 
them  on  the  background  of  loi^temparature  radiation  of  Earth. 

During  the  observation,  from  very  large  distances,  of  separate  sections  of 
earth's  surface,  a  serious  problem  is  the  lessening  of  their  observable  contrast 
because  of  whe  presence  of  a  light  halo  around  Earth  and  the  scattering  of  radiant 
flux  in  the  rtaosphere. 

Statistic.^  shows  [32]  that  absolute  contrart  of  the  overwhelming  sm^rity  of 
ground  objects  is  very  small.  Thus,  in  visible  light  in  95%  of  all  cases  contrast 
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Fig.  VIII. 26.  Radiation  of  Earth, 
going  out  beyond  the  limits  of  the 
atmosphere  (bri^vji  ). 
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conatitutsB  0.2,  and  in  90^  of  the  cases  -  leas  than  0.1.  During  obaemtion  frosi 
large  heights  risible  contrast  decreases  still  ■ore.  In  Fig.  VITI.27  there  is 
given  the  dependency  of  relative  (observed)  contrast  on  height  of  observation.  Fro® 
this  dependency  it  is  clear  that  already  dvirlng  observation  from  a  height  of 
~  3000  m  the  relative  contrast  of  objects  decreases  2-2.5  tiros. 

Further  lowering  of  contrart  of 
observable  objects  can  lead  to  the  fact 
that  the  sagnitude  of  the  signal  given 
out  by  the  system  of  laagr  construction 
will  decrease  so  Bueh  that  it  will  become 
ccanensurable  with  the  fluctuating  noisos 
of  the  reconnaissance  equipment.  At 
present  ^t  is  considered  that  it  is 
possible  to  detect  objects  of  sufficiently 
large  dironsions,  if  their  contrast  with 
the  stUTOunding  background  exceeds  0.02. 

Decreue  of  contrast  between  objects  not  only  lowers  the  energy  capabilities 
of  reconnaissance  equlpoent,  but  also  worsens  its  resolving  power. 

Since  weakening  of  the  contrast  of  ground  objects  during  observation  from  large 
heights  is  connected  with  the  state  of  the  atmosphere  and,  consequently,  with  the 
optical  mass  of  the  stmosphere,  than  one  should  expect  Improvmnsnt  of  conditions 
of  observatlot;  during  transition  to  a  wave  range  of  longer  wave  lengths,  since  with 
this  equivalent  optical  mass  of  the  ataosphers  decreases  and,  as  a  result,  the 
coefficient  of  brightness  of  air  hass  decreases. 

In  Fig.  VIII. 28  are  given  the  dependencies  of  the  optical  mass  of  the  atrosphere 
on  wave  length  and  of  the  coefficient  of  brightness  of  air  hais  on  the  magnitude  of 
the  optical  mass  of  the  atmosphere  at  different  heights  of  Sun  Z^.  As  can  be  seen 
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Fig.  VIII. 27.  Lessening  of 
observable  contrast  with 
height. 

(CET:  (a)  Relative  contrast} 

(b)  With  filter}  (c)  Without 
filter;  (d)  h  Ight  in  thousand 
feet. 
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fron  these  curree,  the  optlcsl  mss  of  the  sts»sphsre  decresses  bjr  three  tijws 
during  trsnsitlon  ftxai  obsenrstlon  in  risible  ll^t  to  obserrstion  in  the  nesr-^re 
infrared  region  of  the  spectrtai. 

When  aeeoBplishing  reconnaissance  farther  into  the  Infrared  region  of  the 
spectna  artificial  heat-radiating  objects  will  be  obssrred  on  the  backgrovnd  of 
low-teaperattire  radiation  of  Earth.  In  this  ease  selection  of  the  range  of  ware 
lengths  of  the  recording  deriee  is  deterained  both  bjr  the  transparency  of  the 
atBosphere  and  by  the  contrast  of  objects  relatire  to  the  low-tcaperature  background 
of  Barth.  Pbr  the  Mjority  of  objects  contrast  with  the  surrounding  background 
will  grow  in  a  ware  range  of  3~6.5m  (Fig.  Fill. 29)  due  to  their  MO«ai  radiation 
and  the  absence  of  radiation  of  Earth  in  this  section  of  the  speetrus.  In  a  region 
of  longer  wares  (6.5-12  m)  contrast  again  starts  to  decrease  because  of  the  sharp 
growth  in  the  Intrinsic  esission  of  Earth. 

The  necessity  of  registering,  froa 
large  distances,  coaparatirely  sMll-sise 
targets  presents  rery  hard  requlreaents 
with  respect  to  reeolrlng  power  of 
reconnaissance  systMs  established  on 
artificial  earth  satellites  and  on  other 
space  craft.  Therefore,  for  conducting 
reconnaissance  of  Mall-sise  objects  it 
is  considered  expedient  to  set  up  as  a 
basis  a  principle,  sinllar  to  photographic, 
with  transalssion  of  data  on  radiotechnical 
cnsMuni  cation  lines  [34].  Furthensora, 
it  is  indicated  that  at  the  conteaporary 
state  of  technology  the  aost  probable 
conditions  of  reconr.elssance  froa  very 
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Fig.  7III.2S.  Dependencies  of  the 
optical  MSS  of  the  atsesphere  on 
ware  length  and  of  the  coefficient 
of  brightness  of  air  base  on  the 
optical  aass  (at  different  heights 
of  Sun  Z^). 

KET:  (a)  Optical  aass  of  the 
atansphere  (a^  .  ) ;  (b)  Brightness 

coefficient  of  air  haM;  (c)  Ware 
length,  M. 
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large  hel^rte  are  eoneldered  to  be  an  Ulualnance  of  earth's  surface  of  the  order 
of  ~86,000  lux,  l.e.,  the  conditions  of  "clear  sun,”  since  during  iUvsilnance  of 
the  order  of  '^43»O00  lux  brli^tnsss  contrasts  between  ground  objects  icarcely  nakes 
it  possible  to  distinguish  their  laages.  In  this  connection  the  sost  probable  is 
the  application  of  telerlslon  asthods  with  prelialnarj  electron-optical  aapllflcation 
of  light.  An  experlBsnt  of  photographing  bjr  day,  through  the  thickness  of  the 
atansphere,  the  planet  Ju;  iter  and  its  satellites,  with  the  help  of  the  "cat  eye” 
equlpsent,  eonfirss  this  [35]. 

Since  prelinlnary  research,  conducted 
at  lavnches  of  the  "Viking"  -ocicet  -r^ie  i* 
possible  to  obtain,  with  a  short-focused 
csBwra,  photographs  of  earth  j  surface 
froa  a  height  of  258  ka,  on  which  it  was 
posslbls  to  distinguish  railroad  Junctions, 
runwajs  and  other  details  on  a  site,  it 
waa  decided  to  assuse  a  photographic 
principle  as  a  basis  of  obtaining  an  laage 
bj  the  t#S-117  systw. 

The  "Saaos"  satellite  was  sent  into  a  polar  orbit  with  a  aaxlBiai  distance 
frca  Earth  of  000  ka.  Die  area  exaadned  by  equlpsent  of  the  eatellite  constituted 
nearly  500  k..2. 
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Fig.  Till. 29.  Relative  contrast 
of  ground  fomatlons  during 
obserratlon  of  thsa  in  different 
sections  of  the  apeeirua. 

KET:  (a)  Relative  contrast;  (b) 
Wave  length,  . 


Reconnaissance  equipsMnt  frca 
artificial  earth  satellites  in  the  United 
States  began  to  be  developed  in  1956  [34]; 
in  the  beginning  under  the  code  "Big 
Brother",  and  then  the  project  was 


Fig.  Till. 30.  Block-diagran  of  appropriated  t.is  code  W^117. 
the  equlpaent  of  a  reeonnalasance 
earth  satellite  on  the  WS-117 
project. 
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In  1961  into  orbit  arovnd  Earth  wM  latmelMd  «  rocoimalaMnc*  Mtellito 
"Sues,"  equipped  with  epeclal  ooabiaed  recotmalssanca  eqaljaent  with  tranaiesion 
of  data  to  Earth  on  a  televlaion  channel. 

In  Fig.  VIII. 30  la  ahown  an  approxiaata  akalaton  dlagraai  of  the  WS-117 
reeonnalaaanee  ajataa.  Hie  anargj  of  radiation  reflected  from  earth 'a  aurfaee  1, 
paaaing  through  entranea  window  of  aatelllte  2,  la  projected  on  obJeetlTe  5  with 
the  help  of  two  gdrrora  3  atablllaed  In  apace.  The  objaetive  haa  Tariable  focal 
length  for  obtaining  «all-acale  and  large-aeala  Inage  of  photographed  aurfaca.  Aa 
a  aenaitlTe  elenent  la  applied  a  televlalon  tranaalttlng  tube  of  heightened  aenal- 
tlvlty  with  one^atage  anpllfler  of  brightneaa  6.  Subaequently,  a  rldeo  algnal  with 
the  help  of  broad-band  tranaadtter  9  and  antenna  10  la  trananltted  to  ground 
receiving  atatlona,  idtare  rlaiial  or  photographic  reglatratlon  of  obtained  iaagea 
la  carried  out. 

The  problcB  of  contlnuoua  orientation  of  the  aatelllte  in  aueh  a  way  that  the 
optical  ayaten  la  always  turned  In  the  direction  of  the  photographed  aurfaee  of 
Earth  aitd  the  constancy  of  the  entrance  angle  of  radiant  flux  to  the  obJeetlTe  la 
ensiired  was  solved  by  application  of  a  stabilising  deriee,  dsTeloped  in  1953.  This 
device,  consisting  of  two  flat  alrrors  and  an  objective  suspended  on  giabal  rings 
of  stabilising  gyroscopes,  allows  the  aratual  dlsplacasMnt  of  three  elnenta  relative 
to  one  another  on  cr—iind  frcsi  the  ground  stations.  Fbr  this,  there  la  receiver 
12,  giving  out  special  signals,  which  control  the'  stabilising  device  and  objective 
during  change  of  scale  of  survey  (circuit  4).  Along  this  circuit  nova  coBBsnds 
fron  the  basic  gyroscopic  assesAily  which  stabillsea  the  flight  of  the  satellite. 

The  power  supply  of  aq[aliatent  on  circuit  11  is  carried  out  frosi  the  general  source 
of  electric  power  for  the  satellite. 

The  second  trend  In  the  creation  of  recennaiasanee  systaas,  which  at  present 
haa  found  practical  application,  oonslsts  of  the  devslopMnt  of  Infrared  equliacnt 

with  long-wave  receivers  for  obtaining  infomation  about  the  forsdng  of  overcast 
above  the  surface  of  the  globe. 
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In  1950  in  the  United  Stetee  wm  leunched  the  eecond  erti/lci&l  earth  eatelllte 


I 


in  the  '^ai^niard”  project,  on  which  wtae  fixed  an  infrared  recoimaiasance  eqoipMint, 
obtaining  the  naae  "atartepherle  eTe*.  The  purpoee  of  thle  aquipMnt  ie  to  regiatar 
and  tranaeit  to  receirlng  atationa  the  foreation  and  denaitj  of  overcaat  by  different 
eectiona  of  the  earth 'a  ato'faee,  neeeaaary  for  the  eoHpoaitlon  of  exact  weather 
forecasta  [38*  39]. 

In  conatrttCti\.<i,  the  equlpeent  conaiats  of  two  telescopic  ayatena  with  mirror 
optics  fixed  at  an  angle  of  45*  to  one  another  on  the  external  surface  of  the 
spherical  artificial  earth  satellite,  a  system  of  recording  obtained  signals  on 
magnetic  tape,  and  a  telemetric  channel  for  tranMlasion  of  data  fron  the  magnetic 
tape  to  Earth. 

A  parabolic  mirror  and  an  uneooled  lead  sulfide  photoresistor  are  fixed  in  a 
cylinder  7.5  cm  in  dlaswter  (Fig.  7111.31)  of  stainless  steel  0.25  sn  thick,  whose 
external  surface  is  gold-plated  to  decreare  the  influence  of  outside  radiation. 

Candle-power  of  the  optical  system, 
in  order  to  guarantee  fast  scanning  along 
the  surface  of  the  clouds,  is  rery  great  - 
1:0.7.  The  lead-sulfide  photoresistor, 

being  in  the  focus  of  the  mirror,  has  an 

2 

operational  area  equal  to  1  am  .  The 
operational  surface  of  the  photoresistor 

is  cowered  by  an  Infrared  filter,  cv'tting 

I 

the  risible  radiation. 

Fig.  Till. 31.  Receiving  derlce 

for  registration  of  overcast  from  lower  is  supplied  to  the  photo¬ 
earth  satellites! 

l».p*Mkoiic  sdrrsr;  2 — Fecsiveri  resistor  from  silicon  solar  batteries, 

3— —body. 

mounted  directly  in  the  casing  of  the 
photoresistor.  The  weight  of  the  receiving 
device  is  100  g. 

?Uo 


Daring  flight  of  a  Mtalllto  on  a  elrcalar  orbit  at  a  halght  of  ^60  la  tba 
optical  sTstflu  of  oYorx  roeolvor  axadnaa  an  araa  11  I  11  la  atrlctly  andar  itaalf 
and  90  X  9C  kB  on  tha  odgoc  of  tb*  diok  of  Barth.  Spoad  of  rotation  of  tha  aatalllta 
around  ita  rartleal  axLa  eonatltutaa  1  rpa.  Tha  dlffaranoa  algnal  from  t^a  two 
photoraalatora,  nodulatad  irith  a  fraqnancy  of  290  opa*  aftar  anplifioatlon  procaads, 
for  rocordlng»  to  tha  aagnatlo  tapa,  frai  whloh  aftar  a  daflnlta  tlaa  it  la  road 
and  tranawlttaci  hr  a  talaaMtrle  ecwMiieatlon  lina  to  a  raealalng  point. 

Thla  aqulpaant  In  aueh  a  fora  eaa  aoarealj  find  applleation  for  raootinalaaanca 
of  Mall-tlsa  haat-radiating  objaota,  miac*  ita  raaolalng  powar  ia  raiy  low.  How- 
aaar,  thara  ia  no  doubt  that  aubaaqoantly,  with  iaprovanant  of  it,  aapaelally  with 
inprowMont  of  raaolving  powar,  alailar  aqalpnant  on  photoraaiatora  way  ba  uaad 
for  datactlng  cartaln  big  objaota,  wiioaa  aurfaoa  taaiporatura  dlffara  frow  tba 
tanparatura  of  tha  aurroundlng  baokgroond. 
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HEAT-DIRECTION  flHDIMD  STSTOC 


1,  The  OpTAtliut  PrlJiclDla  and  th«  krrtuttmmt 
of  He4t-Dlrection  Undere 


Under  heat-direetlon  finder  we  underatend  an  optieal-eleetronechanlcal  device 
Intended  for  detenninatlon  of  angular  coordinates  of  ground  (naval)  and  air  targets 
by  their  own  thensal  radiation. 


The  fundaaiental  diagraa  of  such  a 
device  (Fig.  IX. l)  in  the  slnplest  case 
should  Include  ection  1  with  sensitive 


elanent  and  saipllfler,  synchroniser  2, 

Fig.  IX. 1.  Pundasiental  diagram  and  indicator  3. 

of  the  simplest  heat-direction 

finder.  Thermal  radiation  of  a  target  Is 

perceived  by  the  optical  system  and  moves  to  the  eensitive  element,  and  the 
synchronising  device,  on  eignale  obtained  fresi  the  amplifier  of  photo current ,  allows 
determination  cf  its  angular  position  relative  to  the  optical  axis  of  the  receiving 
device.  The  position  of  the  target  can  be  visually  obeerved  in  the  fom  of  a 
Imlnescent  mark  on  the  indicator  instrument  or  fixed  in  the  form  of  electrical 
signals  proportional  to  its  coordinates. 

Heat-direction  finding  devices  can  be  subdivided  into  two  broad  classes: 
scanning  systems  and  scanning- follow-up  or  follow-up  systems.  The  last  ones  have 
found  wide  application  in  homing  guidance  systems  and  will  be  considered  In  Chapter  X, 


ir.r,  irr  *'^r'  »i  r.^  j*  r  ■“  i  ^ 

f' r  irvf^.s*  ipj'ion,  'i?*ectlo;  cf  *■  ar""*  , 
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1’  .  .^'annin^'  heat-directicn  finders  find  wide  application  for  detection  of  heat- 
radiatinp  tarpets,  in  fire  onti'ol  stations,  and  in  equipnent  for  thermal  recon¬ 
naissance  of  a  site. 

The  structural  design  of  a  scanning 

heat-direction  finder  (Fi'-  IX. 2)  in 

general  shoula  include  the  following 

basic  elements:  receiving  optical  device 

1  picking  up  thermal  radiation  of  a  target 

Fig.  IX. 2.  Structiu"al  diagram  of  and  directing  it  to  sensitive  element, 
a  scanning  heat-<lirection  finder. 

(a)  Axis  of  scan.  scanning  system  2  which  ensures  scanning 

motion  of  receiving  device  on  a  given 

principle,  sensitive  element  3  converting  thermal  radiation  from  the  target  into 
an  electrical  signal,  amplifier  of  photocurrents  (voltage)  L,  system  of  sweep  and 
synchronization  5  ensuring  creation  of  sweep  on  the  screen  of  the  indicator  instru¬ 
ment  which  repeats  the  character  of  displacement  of  the  optical  axis  of  the  re- 
''*»lvinp  device  durj"'*  of  «nace.  'i'""'  indicator  instrum**-*  ^  allowing  vif’.ual 

estimation  of  target  position  relative  to  some  axis. 

system  of  investigation  or  scanning  ia  a  necessary  element  in  any  heat- 
direction  finder  and,  therefore, the  selection  of  kinematics  of  motion  of  the  re¬ 
ceiving  device,  based  on  requirements  for  guaranteeing  the  best  scanning  conditions 
and  the  greatest  probability  and  speed  of  target  detection  is  an  important  problem. 

The  most  widely  applied,  at  present,  method  of  examination  of  space  is  scanning 
by  pencil  beam  or,  i?.  is  sometimes  called,  scanning  by  beam  [l].  In 

this  case  the  pencil  beam,  formed  by  a  system  "of  an  optically  sensitive  element" 
(angle  Y  in  Fig.  IX. 2),  on  a  given  law  of  ojotion,  examines  space  in  a  definite  solia 


-  arune  oT  8i>rht  P»-  3r» 


T>;e  fierl''d  for  wnich  examination  of  this  an^ie 


occurs  is  called  the  scanning  period  of  the  heat-direction  finder. 

Scanning  of  space  by  a  needle-shaped  bea®  allovs; 

determination  of  both  ang'ilar  coordinates  of  the  t«»rgot  (&,  on  Fla.  IX. 2) 
simultaneously  and  ensures  that  they  arc  a ingle- valued; 

increase  in  noise  Ijjinunity  of  systema  by  lowering  the  influence  of  background 
during  a  narrow  angle  of  sight; 

increase  in  range  of  heat-direction  finder,  and 

ensures  rational  modulation  of  theimal  radiation  proceeding  from  target. 

From  the  point  of  view  of  tactical  application  any  scanning  heat-direction 
finder  should  ensure  the  most  probable  detection  of  target  and  have  a  small  scanning 
period,  but  the  indication  of  the  target  on  the  screen  should  ensure  the  possibility 
of  determining  position  of  target  and  its  dlaplacement  in  space. 

Satisfaction  of  these  requirements  la  detemined  in  some  measure  by  the  law  of 
displacement  of  a  needle-shaped  bean  In  space.  In  this  case  it  is  possible  to 
separate  two  groups  of  scanning  diagrams  -  with  axial  synnetry  and  plane.  In  the 
first  case  the  examined  region  is  limited  by  a  conical  surface  (normal  section  is 
-  the  second  -  by  a  dihedral  angle  and  roni-jJ  surfacee  (nonnal 

section  approaches  rectangular  or  oval). 

If  angular  displacement  of  the  scanning  bean  in  spmce  is  bi'oken  down  into  basic 
and  movable,  then  depending  upon  the  magnitude  of  the  ratio  of  periods  of  basic  ano 
migratory  motion,  in  each  group  it  is  possible  to  distinguish  scanning  of  straight 
and  reverse  sequence  and  inconsistent  scanning.  Furthermore,  each  of  these  forms 
of  scannlTig  it  is  jxissible  to  subdivide  into  normal  and  altemate-litte.  The  last 
ones  are  used  to  decrease  scanning  period,  although  with  this  the  quantity  of  un¬ 
examined  sections  is  increassd. 

In  Fig.  IX. 3  are  given  fomj  of  trajectories  of  bean  with  different  kinematic 


diagrams  for  scanning. 
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forcps  (especially  sc&nnlnf  with  reverse  sequence). 
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Fig.  IX. 3.  Forms  of  beam  trajectories 
during  scanning. 

Knf:  (a)  Kinematic  diagram;  (b)  Straight 

sequence  scajwing;  (c)  Inconsistent 
scanning;  (d)  Reverse  sequence  scanning; 

(e)  Scanning  with  axial  syrmetrj';  (f) 

Basic  motion-oscillation;  (g)  Spiral;  (h) 
Radial-circular;  (i)  Basic  motion-rotation; 
(j)  Rotation-conical;  (k)  Scanning  with 
plane  eyrmretry;  (l)  Basic  notion-oscillatirn; 
fm)  Raei'"  ior.-rotsticr. ;  (r.)  Sigtag-shaijed; 
(o)  Helical . 


In  construction  the 
scanning  system  can  be  carried 
r-it  differently.  In  FiP. 

IX. 4  are  certain  forms  of 
scanning  systems  [2]. 

Tn  the  scanning  system 
with  exploring  disk  I  the 
latter  is  disposed  in  the 
focal  plane  of  the  objective 
in  direct  proximity  to  the 
photosensitive  layer.  During 
its  rotation,  radiant  flux 
hits  the  photosensitive  layer 
through  holes  located  on  the 
spiral.  Angle  of  sight  with 
such  a  system  is  determined 
by  the  parameters  of  the 
objective  and  the  dimensions 


of  the  photosensitive  layer. 


which  in  this  case  should  be  sufficiently  la’-ge ,  and  the  angxilar  dimension  of  thr 
needle-shaped  beam  (instantaneous  angle  of  sight)  -  by  the  objective  and  diameter 


of  the  hole  in  the  disk. 


Tn  mirror-lens  systems  II  exploration  motion  is  carried  out  by  a  flat  mirror 
in  two  planes.  As  a  result  of  such  motion  there  occurs  scanning  of  space  by  a 
pencil  beam,  whose  angular  dimension  is  determined  by  the  parameters  of  optics  and 
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rrapii'.ud*  of  an^Jar  disc laceffien?.  of  t.h<?  Hat  Si^rr 


^er  ]ine  scanring  III  r^r.  be  carried  out  by  rotatior  of  several  objectives, 
a^ong  a  spiral  or  e  cylirdrical  Gur^ics,  in  the  center  of  which  is  disposea 
a  photosensitive  layer.  Instantaneous  angle  of  sight  ir.  this  device  is  detemined 
by  arameters  of  objective  and  dimension  of  photosensitive  layer,  but  the  angle  of 
eight  of  the  system  is  determined  by  the  angles  of  Inclination  of  objectives 
relative  to  the  cylindrical  surface  on  which  they  are  located. 


A  property  of  ottical 
wedges  is  to  deflect  toward  the 
base  radiant  flux  passing 
through  them.  They  also  may  be 
used  for  creating  scanning 
motion.  ^  eyst*?;  TV  has 

two  pairs  of  optical  wedges, 


fixed  before  the  objective  and 
revolving,  each  pair  in  oppo¬ 
sition.  During  their  rotation 
effective  r-sfracting  angle  at 


Fig.  IX. 4.  Scanning  optical  systems: 

1 —  system  with  exploring  dish:  1 _ 

0 _ _ 

-  ^  ‘  ak;  3^** 

receiver.  II— system  with  flat  receiving 
mirror:  1 — scanning  mirror;  2 — ob¬ 
jective;  1 — receiver.  Ill — system  with 
evolving  objectives;  1— receiving  optici 

2 —  receiver.  17 — system  with  revolving 
optical  wedges:  1 — revolving  optical 
wedges;  2— objective;  3 — receiver;  4— 
scanning  axis. 


suTBiit  changes  and,  due  to  this, 
deflection  of  the  needle-shaped 
beam  with  respect  to  scanning 
angle  is  changed.  Magnitude 
of  scanning  angle  is  determined 
by  the  material  from  which  the 
wedges  are  made  and  the  re¬ 
fracting  angle  at  simmit,  but 
the  angular  dimension  of  the 


Pill 


.(•iectloii  of  the  character  of  the  scanning  and  it"  constructive  fulfillment 
are  determined  by  the  purpose  of  the  heat-direction  findin  '‘c  ,  ■  - 

■e  fulfillinent,  and  tactical-technical  requirements.  As  an  example  of  the  work 
of  an  optical  receivin/r  device  with  scannin/?  by  a  needle-shaped  beam,  we  will  con¬ 
sider  the  work  of  a  receiving  device  of  a  heat-directior.  finding?  system  for  taking 
a  thermal  map  of  a  site  [2],  The  given  system  is  eatablished  on  an  aircraft  and 
should  ensure  the  reproduction,  on  the  screen  of  an  indicator  instrument,  of  the 
thermal  relief  of  the  site  above  vrtiich  the  aircraft  flies. 

Aircraft  at  height  H  moves  with  grotindspeed  u.  The  scanning  device  of  the 
equiment  has  a  needle-shaped  beam  with  angle  of  sight  y*  composing  a  unit  of  angular 
minutes.  The  scanning  field  of  the  system  will  be  formed  by  the  rotation  of  a 
receiving  optical  element  at  angle  2p  around  an  axis  parallel  to  the  longitudinal 
axis  of  the  aircraft.  Thus,  during  a  turn  of  the  receiving  element  at  angle  2p 
there  is  carried  out  am  examination  of  space  in  the  form  of  a  line.  Depending  upon 
the  speed  of  flight  of  the  aircraft  amd  the  speed  of  rotation  of  the  receiving 
element  the  scanning  lines  traced  on  the  site  can  be  disposed  either  with  omissions 
or  overlapping.  As  the  receiving  ,  device  In  the  considered  equipner.t  is 

applied  a  prism  with  n  reflecting  surfaces,  revolving  with  speed  r.  Thus,  after 
one  turn  of  the  prism  on  the  site  are  traces  n  lines. 

For  the  satisfactory  work  of  equipment  it  is  necessary  to  fulfill  the  following 
conditions : 

a)  to  guaraintee  good  resolving  power  angle  V  should  be  very  small,  and 
scanning  speed  maximum.  However,  the  latter  is  limited  by  the  time  constant  of 
sensitive  element  t; 

b)  time  of  displacement  of  image  of  site  along  sensitive  element  shoxild  not 

be  less  thajiAr  (A— .positive  number,  characterizing  reserve  of  time  lag  of  sensitive 


‘.jTD^r  'f  r^sr.vst'x^  BUMP’S  in  a  unit  of  '  lr>e  w;*.  oe  le'erninea  by 
exjrBSBicn  2nr  y_  and,  consequen -iy ,  tlma  of  dl»p.iaceinent  of  imas^e  an  angular 
rA#:nitude  corresponding  ‘o  the  angia  of  aight  will  ba  \"2nr  Consequently,  there 
is  required  fulfillment  o  inequality 

(IX. 1) 

The  scanning  device  should  work  with  such  speed  that  there  are  no  omissions 
on  Image  of  site.  In  the  direction  of  flight  the  bandwidth  of  capture  will  be 

and  the  width  of  capture  for  a  unit  of  time  yHnr.  So  that  there  are  no  omissions, 
there  is  required  >r.  Fror  this  relationship  and  from  expression  (IX. l)  it 
follows  that 

r>g^andr>j^.  (jx.2) 

Excluding  r  and  v  fpom  expressions  (IX. 2),  we  %fill  obtain  correspondingly: 


T> 

r> 


V 


9 

■77 


(IX. 3) 
(IX.4) 


Thus,  the  necessary  instantaneous  scanning  angle  of  equipment  for  taking  a 
thermal  map  of  a  site  Is  detennined  by  ratio  and  the  tins  constant  of  the 

pho’’'^Ertn&j*ive  elsae.nt 

The  value  of  magnitudes  r  and  H,  entering  into  expressions  (IX. 3)  and  (IX. 4), 

are  determined  by  the  tactical  application  of  the  equipment,  and  — 

For  instance,  for  case  H  ■  300  m,  0*  300  m/sec,  k  -  2,  n  «  2,  s  =  10'*8ec, 

we  obtain  r  =  360  ,  YJcO,5®aclO  m-rdn. 

sec 

Naturally,  such  an  angle  of  sight  cannot  vnaure  good  resolving  power.  Fbr 


its  Improvement,  with  guarantee  of  site  examination  withouc.  omibslons,  it  is 
necessary  either  to  increase  speed  of  scanning  with  a  significant  decreaae  in  time 
constant  of  photosensitive  layer  c r  to  apply  mosaic  photosensitive  layers.  In  the 
latter  case  formulas  (IX. 3)  and  (IX. 4)  take  the  form 


f : ^  5) 


t;>  ^ 


•  0 
iain  V  H 


"ink  e 

7^1/ 


(IX. b) 


where  N  -  number  of  elements  in  mosaic. 

Thus,  if  in  the  case  of  the  preceding  example  we  take  t-'ICM  sec,  N  =  9, 
then  y=3'.  vrtiich  will  allow  us  to  have  the  equipnent  for  taking  a  thermal  map  of  a 
site  with  sufficiently  high  resolving  power. 

A  someiiAat  different  picture  is  observed  during  the  use  of  similar  equipnent 
from  great  heights.  Althoiigh  during  flight  at  300  m  altitude  angular  resolution  at 
1  mrdn  gives  a  linear  resolution  of  30  cm,  during  flight  at  H  =  30,iXXi  m  to  obtain 
the  same  linear  resolution  there  is  reouired  an  angular  resolution  of  10“^mrdn, 
Considering  the  expression  for  the  limiting  diffractional  resolution  of  optical 
systems  Y=  1.22  one  can  determine  that  even  in  this  best  case  the  diameter  of 
entrance  optics  D  during  V**!!!-*  mrdn  and  i=10*i  should  be  equal  to  ^^120  f;M, 
Thus,  the  possibility  of  tne  application  of  equipnent  for  taking  a  thermal  map  of 
a  site  from  great  heights  can  be  affected  by  the  technical  limitations  and,  in  the 
first  place,  the  possibility  of  distribution  of  equipment  on  the  aircraft. 

'Vhen  app’  aising  the  resolving  power  of  heat-direction  finding  instruments  for 
reconnaissance  of  a  site,  one  should  consider  the  inconstancy  of  linear  resolution 
with  respect  to  field  of  sight  for  such  systems.  It  worsens  as  the  optical  axis 
of  the  scanning  device  deflects  from  vertical. 


2.  Prospects  of  Develognent  of  Heat-Direction  Finding  Systems 

With  the  development  of  military  technology  heat-direction  finding  systems 
have  obtained  even  greater  development  for  all  kinds  of  troopa.  Proceeding 
especially  intensely  is  the  work  on  the  creation  of  semiautomatic  and  automatic 
infrared  stations  of  detection  arid  fire  control. 


'r  'cr/ re  .  a*4‘i.':ri  r«qvii Tor  'J*yi''*s  sr-jur^  ‘ 

fur.c’lcr,  ( 8C  ion  In^r )  anc^  abrin^  (tracKinf).  aie  contradl^  •  ory  .  Kn  "x:  .  nr*',  i  on 
device  rust  ensure  a  h^fh  probability  of  target  detection  at  great  distances  and  at 
large  scanning  angler  after  a  mlnljuuiii  scanning  time.  It  must  have  high  resolving 
power  in  order  to  reveal  and  determine  the  bearing  of  all  targets  in  the  field  of 
siyht . 

The  tracking  device  must  have  high  angular  accuracy  s.id,  as  a  rule,  ensure 
detennination  of  coordinates  of  one  selected  target. 

Although  in  rtdar  stations,  as  a  rule,  due  to  structural  ^r.d  size  requirements 
both  functions  can  bo  carried  out  in  one  device,  for  infrared  systems  sometimes  it 
is  more  profitable  to  have  scanning  and  follow-up  sysoem  carried  out  separately. 

In  Table  IX. 1,  there  are  presented,  as  an  example,  the  basic  requirements 
which  must  be  satisfied  by  heat-direction  finding  fire  control  stations  developed 
in  the  United  States  for  the  Air  Fbrce  [3]. 

As  fo''low5  from  *he  given  data,  to  the  systems  of  detec  ..on  are  presented 
strict  requirements  with  respect  to  distance  and  scanning  angles. 

In  systems  with  a  needle-shaped  beam  these  requirements  are  contradictory; 
for  instance,  increace  of  scanning  angls  requires  increase  of  area  of  sensitive 
element,  but  this  leads  to  decrease  cf  Its  sensitivity,  which  ii>  equivalent  to 
decrease  of  range,  and  also  to  increase  of  sesutning  time  and  impairment  of  re¬ 
solving  power. 

Consequently,  in  systaria  with  one  sensitive  element,  whose  ar  a  is  small  in 
order  to  guarantee  necessary  range,  during  scanning  by  a  need Ic-slia pod  beam  it  is 
difficult  to  ensure  the  necessary  magnitude  of  scanning  field.  Pur^^hermore , 
scanning  by  a  needle-shaped  beam  reqiilres  complicated  kinematic  diagram  of  the 
scanning  ssnstem. 

A  way  out  of  this  sltxiation  is  to  change  cne  sensitive  element  to  a  mosaic  of 
a  large  number  of  .small  •sensitive  elements.  In  this  case  a  systom  with  a  r-osaic 


.'onsistinp  of  N  sensitive  elements  tl; 'oretically  should  be  N  times  more 
sensitive  than  a  s/stem  with  one  sensitive  element  similar  in  assifniment,  but  with 
‘he  same  scanning  field  and  the  same  speed  of  scamr'ng  motion. 


Table  IX.  1 


resignation  of 
parameter 

>  ■  ■  ■■ 

*  Unit  of 
measurement 

—  - — --  —  -  ,  ■  ■■■  ,  - 

System  of 
scanning 

System  of 
tracking 

Phasic  assignment 

Detection  of  all 
targets  in  the 
field  of  sight 

Retention  of  one  target 
in  field  of  sight  in  the 
presence  of  several 
targets 

Free-sp>ace  range 

km 

20— 100 

1 

10—20 

Field  of  sight 

deg 

20—180 

1—20 

Angular  resolving 
pxjwer 

deg 

!  '  1 
1 

0.C5 

Frequency  of  modu¬ 
lation  (frequency  of 
frames ) 

framea/sec 

0.1—4 

1 

8 

•^'utput  data 

Position  of  tar¬ 
get  (two  coordi¬ 
nates) 

Intensity  of 
radiation 
Dimension  of  tar- 

Position  of  tarret  (two 
coordinates) 

Speed  of  change  of 
position  f  target  'two 
coordinates) 

get 

Temperature  of 
target 


Transition  to  mosaic  sensitive  elements,  naturally,  is  connected  with  the 
solution  or  a  series  of  additional  problems:  the  diff'culty  of  manufacturing 
photosensitive  layers  with  identical  paramettrs,  increase  in  the  number  of 
amplifiers  or  apolicaticn  of  a  contmitating  device  for  successive  connection  of 
elemofits  of  the  mosaic  to  the  general  amplifier,  lowering  of  noises  etc. 

At  rresent  th*;r«  are  known  three  types  of  systems  with  mosaic  sensitive 
elements,  for  which, 

d)  every  elf  -  "'f  the  mosaic  has  a  separate  amplifier; 

b)  all  e  lamer,  9  of  ‘he  mrealc  are  successively  connected  to  the  general 


amrllfier; 

c)  the  mosaic  is  replaced  by  a  infrared  vidicon. 

Of  greatest  interest  Is  the  second  group  of  eystams  [5l,  whose  work  suiy  be 
clarified  by  Fig.  IX. 5. 

The  scanning  angle  of  a  heat-<lirectlon  finder  is  determined  by  "objectire  - 


mosaic"  system,  with  which  systeei  examination  of  the  site  within  limits  o.'  the 


scanning  angle  is  carried  out  by  a  motionless  beam,  formed  by  each  separate 
element  of  the  mosaic.  Thermal  radiation  from  the  target,  preliminarily  modulated 
by  a  disk  modulator,  Is  focused  by  the  optical  system  on  one  of  the  elesaants  of 
the  mosaic,  r^epending  upon  which  of  the  elements  of  the  mosaic  gets  the  radiation 
energy  of  the  target,  from  it  is  remoTsd  ths  signal,  which  until  comnutation  is 
stored  in  the  tuned  oecillation  circuit.  With  the  help  of  a  mechanical  commutator, 


the  rotor  of  which  by  turn  visits  all  elements  of  ths  mosaic,  the  signal  from  the 
oscillation  circuit  moves  to  the  entrance  of  the  amplifier.  After  amplification 
the  signal  moves  to  the  indicator  Instnjam^nt,  whose  sweep  is  synchronised  with 
the  rotation  of  the  coemutator.  Therefore,  the  position  of  the  nark  on  the  screen 


of  the  Indicator  Instriment  %dll  correspond  to  the  position  of  the  target  relative 
to  the  optical  axis  of  the  receiving  device. 


Fig.  IX. 5.  Fundamental  diagram  of 
a  system  with  a  siosaic  eeneitlve 
element  and  a  general  amplifier: 
1—receiving  optica;  2~HBodulatlon 
disk;  3—Hnosalc  receiver  with 
circuits;  4-— coomnitator;  5— scan 
unit  and  synchronisation;  6~> 
indicator  block:  7— motor. 


Pig.  IX. 6a.  Dia ’ram  of  coaiutation 
of  supply  voltage  of  separate 
elements  of  a  mosaic. 

1 — narrow-ban  1  filter;  2— element 
of  mosaic;  3*— broad-bcnd  filter. 
KET:  (a)  Cosmmtator;  (b)  To 
ampl  fier. 


ns  coinmui.at,in^  diat^rams  may  be  applied  a  diaf^ram  of  commutation  of  the  supply 
vo’.tape  passed  to  separate  elements  of  the  mosaic  (Fi^.  IX. 6a),  and  a  diagram  of 
commutation  of  signals  removed  from  the  elements  of  the  mosaic  (Fig.  IX. 6b). 

'.v'ith  commutation  of  supply  voltage  there  appears  one  difficulty,  connected 
with  the  fact  that  the  duration  of  the  transition  process  during  supply  of  voltage 
to  an  element  of  the  mosaic  inay  be  significantly  more  than  dtiration  of  che  signal 
from  the  target.  To  decrease  the  time  of  the  transition  process  it  is  necessary 
to  filter  supply  voltage  with  the  help  of  multi-’jnit  electrical  filters.  Conse¬ 
quently,  with  such  a  method  of  commutatl on,for  every  element  of  the  mosaic  it  is 
necessary  to  provide  compact  multi- element  electrical  filters.  A  filter  constitutes 
a  cerar.ic  plate  with  a  printed  circuit  of  an  RC-circuit  on  its  surface.  Oji  the 
surface  of  a  25  X  2>  Ttm  plat;  from  barium  titanate,  i.e  placed  up  to  10  sections  of 
RC-filters  with  the  capacitance  of  each  element  up  to  0.01  microfarad  [5]. 


Fig.  IX. 6b.  Diagram  of  conmutation 
of  useful  signal  removed  from 
elements  of  mosaic; 

1 — eleanent  of  mosaic;  2 — resonance 
circuit . 

KjCT:  (a)  Commutator;  (b)  To 
amplifier. 


In  the  second  diagram  of 
conmutation ,  applied  in  the  American 
heat-direction  finder  CODES,  developed 
by  the  firm  Avion,  the  output  signal 
from  each  sensitive  element  of  the 
mosaic,  in  turn,  with  the  help  of 
a  mechanical  commutator,  moves  to 
the  entrance  of  the  amplifier.  To 
guarantee  the  successful  work  of 
such  a  system  careful  manufacture  of 
circuits  of  commutation  is  necessary 


JO  that  set  noises  of  the  c<  szTiUtating  device  do  nut  exceed  the  useful  signal  re¬ 


moved  from  the  element  of  the  mosaic . 


P’jrther  development  of  mosaic  receivers,  obviously,  have  to  be  electron  tubes 
of  the  thermicon  and  vidicon  type.  Application  of  them  will  allow  us  to  simplify 


■Significantly  the  electronic  circuit  of  scanning  devices,  to  free  their,  from 
troubles  connected  with  coirmutation  of  weak  currents.  Furthenrore,  applicaticn  ol 
electronic  sweeping  will  allow  us  to  decrease  significaiioly  the  scanning  time  of 
space  and  the  effect  of  the  background,  and  improve  the  resolving  power  of  heat- 
direction  finding  systems.  An  e-iiample  of  such  a  Bystem  with  electronic  image 
scanning  is  the  air- raft  scanning  instrument,  the  Filterscan,  oy  'Thilco"  [6], 

The  basic  element  of  a  heat— direction  finding  system  (Fig.  IX.  is  an  electron 
tube  with  high  scanning  speed  without  accumulation  of  signal.  The  conical  part  of 
che  tube  on  one  side  is  closed  by  a  thin  siiico  plate,  and  on  the  other’  -  by  a 
plate  from  material  which  is  transparent  in  the  requ.ir-ed  range  of  wave  lengths. 

An  electron  gun  is  located  in  a  branch  at  such  an  angle  that  the  electron  beam 
emitted  by  it  irradiates  the  silicon  plate. 

An  image  of  the  target  in  infrared  beams  is  focused  by  the  receiving  optics 
to  the  entrance  window  (silicon)  of  the  electron  tube.  Radiation  foming  this 

image,  after  getting  out  of  the  tube,  is 
focused  with  the  help  of  mirror  optics 
on  the  photosensitive  element .  Ae  a 
sensitive  element  may  be  used  any  pheto- 
resistor,  but  in  the  considered  ircdel 
was  applied  indium  antimor.ide  with  a 
threshold  sensitivity  of  1,3 '10  w  to 
radiation  with  a  temperature  of  300®K 
and  1.5 ’10  w  to  radiation  with  a 
temperature  of  5C)0®K. 

After  tviming  on  electron  beam,  and 
focusing  it  on  the  internal  surface  of  the  entrance  window  of  the  electron  tube, 
electrons  accelerated  by  a  voltage  of  25  kv  cause  a  local  formation  of  free 
carriers  in  the  semiconducto’*,  which  is  equivalent  to  a  change  of  conductivity 


Fig.  IX. 7.  Diagram  of  the 
Filterscan  instrument'. 

1 — first  objective;  I — 
scanning  tube;  3— second 
mirror  objective;  4 — indi¬ 
cator  IK  radiation;  5 — 
electron  gun;  6 — focusing 
defl  ;ting  coil;  '< — entrance 
window;  8- — output  window. 


anr! ,  consequently,  the  coefficient  of  absorption  at  the  r^-ace  where  the  beaii.  hits. 
"'h“  deflectinf?  system  forces  the  electron  beam  and  the  spot  with  hij'h  optical 
absor-'ioTi  createci  by  it  to  shift  a'on^  the  surface  of  the  silicon  tlatt%  thus 
carpyin/r  out  Image  scanning  (scanning  by  field  of  sight). 

Since  the  energy  content  of  radiation  transmitted  by  flying  spot  in  any 
ronent  of  time  la  determined  by  the  ’’brightness"  of  the  section  of  infrared  image 
covered  by  the  spot,  then  the  outou  signal  frorr;  the  photoresistor  is  also  a 
function  of  time,  the  magnitude  of  which  depends  on  distribution  of  "brightness" 
of  infrared  image  on  the  entremce  window  of  the  tube.  Thus,  the  sensitive  element 
issues  to  the  indicator  instrrmient  an  output  signal  proportional  to  the  change  of 
radiation  energy  of  consecutively  examined  elements  of  the  field  of  sight.  The 
sweeping  of  the  indicator  in.strument  is  synchronized  with  the  system  of  deflection 
of  electron  beam,  which  makes  it  possible  to  obtain  on  the  screen  of  the  instrument 
a  thermal  image  of  the  scanning  field. 

’’’he  system  is  simple  in  design,  light-weight  and  small  and  makes  it  possible 
to  reveal  objects  with  a  temperature  of  125®C  with  parameters  which  were  applied 


in  the  model : 

#  P 

Area  of  absorbing  spot . 3.1*10  cm 

Area  of  screen .  2.24  cm'' 

Av'-a  of  sensitive  element .  0.1  cm 

Horizontal  scan . . .  1  kc 

Vertical  scan .  3^  cps 

lelative  hole  of  objective .  1:3 

lelative  hole  of  mirro” . 1:0.75 

1  ass  band . .  .  .  . .  30  kc 


3 .  Construction  of  Heat- Direct ion  Finding  Systems 


At  present  there  have  been  developed  abroad  a  significant  quantity  of  types  of 


heat-directic'’  rindinp  equipment,  intended  for  Installation  both  on  f^round  (naval) 
and  air  objects,  l.’hile  being  identical  in  their  pn'ineiple  of  action,  they  differ 
in  construction  and  tactical -technical  data. 

The  biggest  quantity  of  heat-direction  finding  systems  is  developed  for  the 
Air  Force  and  intended  for  the  detection  of  air  and  grotmd  (naval)  targets, 
intelligence,  and  navigation.  Recently  there  began  to  be  developed  automatic  heat- 
direction  finding  systems  on  pilotless  Jet  aircraft  and  earth  satellites  for 
rurposes  of  air  intelligence  and  registration  of  rocket  launches. 

*n  191*4  in  flermany  there  was  developed  and  manufactured  a  night  heat-direction 
finaer  ",*Ciel-4"  (Fig.  IX. 8),  consisting  of  receiving  device  1,  amplifier  of  photo¬ 
currents  2,  indicator  instrument  3,  and  control  panel  4- 

The  receiving  device  of  tne  heat-direction  finder,  established  in  the  nose  piart 
of  a  fighter  aircraft,  included  a  revolving  receivlrig  mirror  250  nan  In  diameter, 
in  the  focal  plane  of  which  was  placed  a  lead  sulfide  photoresistor,  a  unit  for 
preliminary  amplification  of  photocurrent,  a  mechanical  rotation  drive  of  the 
mirror,  a  mechanism  for  scanning  target  in  the  horizontal  plane  and  potentiometers- 
transducers  connected  with  the  rotation  drive  of  tht  mirror  for  synchronizing  the 
sweep  of  the  indicator  instrument.  The  receiving  device  was  covered  by  a  glass 
cowl  to  give  it  a  more  streamlined  aerodynamic  form.  The  lead  sulfide  photoresistor 
was  cooled  to  a  temperatm*e  of  -  by  solid  carbon  dioxioe. 

Scanning  of  space  at  a  solid  angle  of  2C®  was  carried  out  by  a  needle-shaped 
beam  approximately  1°  in  width.  A  simultaneous  receiving  device  could  accomplisn 
scanning  motion  in  a  horizontal  plane  at  an  angle  of  60®. 

'/hen  radiation  from  the  target  hit  the  photoroslstor,  from  it  was  removed 
a  chotocurrent  pulse,  which  after  amplification  moved  to  the  indicator  block. 
Simultaneously  from  the  sine  potentiometers,  connected  with  the  rotation  drive  of 
the  mirror,  there  was  removed  a  voltage  which  passed  to  the  deflecting  electrodes 


of  the  indicator  electron-beam  Lube.  This  voltage  created  on  the  screen  of  the 
indicator  tube  a  sweep  repeating  the  character  of  displacement  of  the  optical  axis 
of  the  mirror  in  space. 

'.'hen  the  heat-direction  finder  made  a  scanning  motion  in  the  horizontal  plane, 
simultaneously,  with  the  help  of  selsyn-transducers,  there  issued  a  voltage, 
rrorortional  to  the  angu'ar  deflection  of  the  axis  of  the  heat-direction  finder 
from  the  longitudinal  axis  of  the  aircraft,  to  the  switch  instrument.  This 
allowed  the  pilot  to  Judge  vfhere  the  target  was  -  on  the  right  or  on  the  left  of 
the  axis  of  the  aircraft. 

Observing  the  position  of  the  target 
mark  on  the  indicator  instrument  and 
knowing  its  position  relative  to  the 
longitudinal  axis  of  the  aircraft,  the 
pilot  could,  by  maneuvering  his  aircraft, 
COTibine  the  mark  from  the  target  with  the 
center  of  the  cross  lines  on  the  screen 
of  the  Indicator  instrument  and  approach 
the  attacked  aircraft  until  he  could  see 
it  visually.  After  that  the  attack  on 
the  target  was  carried  out  visually. 

The  free-space  r< nge  of  the  heat- 
direction  finder  "Kiel-4"  for  propeller-driven  aircraft  at  medium  altitudes 
constituted  8-  10  km,  and  the  direct ior  to  target  was  determined  with  a  precision 
of  1®. 

Further  development  of  ideas  embodied  in  the  basis  of  the  heat-direction  finder 
"KieJ-4,  the  improvement  of  sweep  and  the  automatic  machine  to  guarantee  tracking 
a  revealed  target  led  to  the  creation,  in  the  postwar  period,  of  semiautomatic 
and  automatic  heat-direction  finding  stations  of  aircraft  fire  control. 


Fig.  IX. 8.  The  general  form 
of  the  heat-direction  finder 
set,  the  "Kiel-4". 


Thus,  according  to  data  available  in  lit*rat»u*o  [8],  all  P-100  type  fighters 
the  United  States  are  equipped  with  a  fire  control  station  on  infrared  beans 

The  infrared  sight,  AN/ik9G-14,  for 
the  F-104  "Star fighter”  constitutes  a 
Bioebln  •!  construction,  including  an 
infrared  system  of  detection,  an  electron 
amplifier  and  a  projection  system  for 
visual  indication  of  the  target  [9]. 

The  projection  system  of  the  sight,  after 
corresponding  conversion  and  amplification, 
transmits  an  Infrared  Image  of  the  target  to  a  reflective  glass  optical  sight.  A 
sensitive  element  (PbS)  is  placed  outside  the  cabin  before  bxillet-pn>of  glass  and 
is  covered  by  a  little  entrance  window,  transparent  in  the  region  of  sensitivity 
of  the  photoresistor. 

The  pilot  observes  on  the  reflective  glass  of  the  optical  sight  simultaneously 
a  mark  from  the  target  and  a  sighting  mark  whose  position  in  the  field  of  sight 
Is  calculated  by  a  computer  of  optical  sight.  This  allows  him  to  carry  out  an 
attack  on  che  target  at  night  Just  as  if  the  target  were  visible  directly  to  the 
eye. 

In  this  sight,  thanks  to  the  large  field  of  sight,  there  is  no  necessity  for 
a  special  scanning  device  since  on  the  reflective  glass  of  the  sight  are  observed 
simultaneously  all  targets  in  the  field  of  sight  of  the  receiving  head.  The  pilot 
in  this  case  executes  the  function  of  selection,  distlng^jishlng  that  target  which 
it  is  necessary  to  attack. 

In  a  store  later  ir;frared  sigh^^lng  station,  the  AN/AAIt-21,  developed  by  Hughes 
Aircraft  Co.,  the  scanning  sjrstaa  and  tracking  are  divided.  As  a  sensitive  element 
in  the  sighting  station  is  applied  a  lead  sulflio  photoreaistor,  cooled  to  the 


(Fig.  IX. 9). 


Fig.  IX. 9.  Infrared  sight 
AN/A.‘X)-14  on  the  F~104. 


temperature  of  liquid  nitrogen.  In  distinction  from  station  AN/ASC-I4  this  station 
makes  it  possible  to  measure  distance  to  target  with  the  help  of  two  tracking  heads 
on  infrared  beams  [lO]. 

There  are  developed  and  combined  optical-radar  systems,  for  which  the 
function  of  detecting  the  target  and  the  preliminary  tracking  of  It  is  done  by 
passive  infrared  equipment,  and  after  target  is  detected  and  a  fighter  starts 
toward  i..  in  a  short  time,  automatically,  a  radxorange  finer  is  switched  on,  with 
the  help  of  which  the  coordinate  of  distance  is  introduced  into  the  computer. 
Inaication  of  radar  and  infrared  Images  is  produced  on  one  screen  as  occurs  on 
the  Westinghouse  interception  station  [11,  12,  13]. 

Application  of  similar  combined  systems  with  brief  inclusion  of  a  radiorange 
finder  in  the  last  stage  of  attack  significantly  decreases  the  possibility  of 
prematura  detection  of  the  attacking  fighter  by  the  enemy. 

In  1957-1958  in  the  United  States  there  was  developed  a  scanning-tracking 
heat-direc*^  ion  finding  system,  CODES  (Fig.  IX.  10a)  [4»  14],  in  whose  basis  of 
oreration  was  assianed  the  application  of  a  mosaic  of  photoresistors  with  conmutation 
of  sl.gnals  on  alternating  cuinrert  and  subsequent  ami  lification  in  one  amplifier. 

Flat  receiving  mirror  j,  ,  '’fv'  in  azimuthal  plane  and  connected  with 

transducer  of  coordinates,  carries  out  scan  of  target  and  directs  radiant  flux  2 
to  entrance  of  spherical  optical  system  3-  The  last,  through  correcting  lenses  4, 
directs  the  obtained  energy  to  the  sensitive  surface  of  n»saic  5. 

The  optical  system  includes  also  aperture  diaiJiragm  6  and,  located  in  it,  an 
interference  filter  with  a  pass  band  of  1.8-2. 7**  and  modulation  lattice  7  with 
intervals  between  lines  nearly  O.05  n  ,  applied  on  a  curved  surface  32  X  4  nm  in 
dimension.  With  the  help  of  the  modulation  lattice  radiation  from  the  target  is 
nodulated  with  a  frequency  of  40  cps.  The  aperture  diaphragm,  located  in  the  plane 
of  the  center  of  the  curvature  of  the  spherical  mirror,  allows  decrease  of  aberration 


of  the  Oftical  syster  due  to  the  limitation  on  width  of  beams  of  radiation 
passing  through. 

A  mosaic  of  photoresiators  has 
a  stretched  form  (32  X  2  m), 
therefore,  ir  order  to  ensure 
qxjalitative  ijw®  of  target  on  any 
of  the  elements  of  the  mosaic,  it 
is  disposed  in  a  meridional  plane 
of  the  optical  system.  With  this 
aim  the  mosaic  is  applied  on  a  curved 
sublayer  with  radius  of  curvature 
equal  to  the  radius  of  ciirvature  of 
the  focal  plane  of  optics. 

angular  dix.ension  of  am  image 
of  a  pinpoint  target  on  an  element 
of  the  mosaic  is  equal  to  1.2  mrdn,  with  good  resolving  power  all  over  the  field 
of  sight.  Instantaneous  field  of  sight  of  the  optical  system  constitutes  2.7®  In 
azimuth  and  40®  in  elevation.  By  this  instantaneous  angle  the  receiving  device, 
due  '  o  r  •  r. '  of  the  flat  mirror,  examines  in  space  an  angle  90®  in  azimuth  and 
40®  in  oiev&,ion.  An  angle  of  4.0®  is  ensured  due  to  the  consecutive  connection  of 
elements  of  the  mosaic  to  the  entrance  of  the  amplifier  with  the  help  of  the 
commutator  (Fig,  IX. 10b). 

Output  signals  from  elements  of  the  mosaic  are  stored  in  separate  oscillation 
circuits,  tuned  to  a  frequency  of  40  cpa.  Such  a  resonance  circuit  executes  a 
double  fumction:  it  stores  energy  for  a  definite  time  determined  by  the  frequency 
of  comnutation  and  separates  the  signal  on  a  background  of  noises.  The  blocking 
canacitor  C  does  not  transmit  the  constant  coiaoonent  to  contacts  of  the  comnutator. 


Fig.  IX. 10a)  Diagram  of  optical 
system  of  CODES: 
l—flat  receiving  mirror;  2— 
radiant  flvix;  3--focusing  spherical 
mirror;  4 — correct. ^JVg  lens;  5— 
.mosaic;  6-~aperture  diaphragm;  7— 
modulation  grid;  fl — comnutator;  9~ 
hydronotor  of  scanning  mirror. 


The  mechanical  comititator  is  prepared  like  the  type  applied  in  telemetric 
practice  and  has  60  lamellae.  All  thirty  elements  of  the  mosaic  are  connected  to 
larellae  of  the  commutator  in  such  a  way  as  to  obtain  two  cycles  of  comirutation  for 
one  turn  of  the  rotor  of  the  ^omnutator.  Throiigh  the  contacts  of  the  commutator 


the  signal  from  an  element  of  the  mosaic  moves  to  the  entrance  of  the  amplifier. 


assembled  on  five  semiconductor  triodes. 


Fig.  IX.  10b.  Block-dia#;ram 
cf  the  CODES  system: 

1 — element  of  mosaic J  2 — 
accxmiulator  circuit;  3 — 
commutator;  4— drive  of 
commutator;  5 — generator  of 
sawtooth  pulses;  6 — amplifier; 

7 — detector  and  limiter;  8 — 
indicator  instrument;  9 — 
scanning  mirror;  10 — transducer 
of  coordLiates;  11— aperture; 

12 — concave  mirror;  13 — correc¬ 
ting  lens;  14 — grid;  15 — mosaic. 
KFT:  (a)  Mosaic  indicator. 


For  guarantee  of  optimum  sensitivity 
the  pass  band  of  the  amplifier  (^’  =40  cps 
is  coordinated  with  length  of  signal  from 
one  element  (0.023  sec). 

After  the  amplifier  signal  is  de¬ 
tected  in  the  two-half- period  detector 
and  after  limitation,  it  enters  the 
indicator  instrument. 

The  horizontal  sweep  of  the  indicator 
instrument  is  ssmchronized  with  the 
p  vo' in-  of  the  receiving  mirror  with  the 
help  of  the  precision  potentiometer  which 
is  the  transducer  of  coordinates. 

Vertical  sweep  in  the  indicator 
instrument  is  synchro:  ized  with  the 
position  of  the  rotor  of  the  ccmmiitator 


by  means  of  the  generator  of  sawtooth  voltage,  giving  out  two  pulses  for  one  tum 


of  the  commutator.  During  the  supply  of  these  voltages  to  deflecting  electrodes 


of  the  electron-beam  tube  of  the  indicator  instrument  the  sweep  repeats  the 
sequence  of  scanning  of  space  by  the  receiving  device,  and  the  porition  of  the 
target  mark  on  the  screen  relative  to  the  center  of  the  tube  corresponds  to  che 


rosition  of  the  target  in  space  relative  to  the  optical  axis  of  the  instrument.  The 


time  of  examining  the  scanning  field 


ng.  IX. 11.  General  form  of 
COOES  equipment  (v-ithout 
housing) : 

1 — flat  mirror;  2— filter; 

3— modulating  grid  and  elements 
of  mosaic;  4— focusing  lone; 

5 — correcting  lens;  ^^30  tuned 
circuits;  7— amplifier  of  signal; 

8—  generator  of  sawtooth  voltages; 

9—  drive  of  mirror;  10 — aalmuthal 
potentiometer;  11 — elevation  pick¬ 
up;  12— drive  of  conmutator;  13— 
conmutator. 


is  1 . 5  sec . 

The  general  form  of  the  heat-directior 
finder  is  ehown  In  Fig.  IX. 11,  and  in 
Table  LX. 2  are  given  the  basic  piaramet'irs 
of  the  heat-direction  finder. 

On  the  basis  of  the  CODES  system  in 
the  United  States  there  was  develop>ed  a 
scanning  system  for  the  detection  of 
artificial  earth  satellites  by  their 
thermal  radiation  [2];  the  general  form 
of  the  receiving  device  of  this  system 
is  presented  In  Fig.  IX. 12. 

The  receiving  head  is  established 
on  a  mobile  platform  with  three  degrees 
of  freedom,  which  makes  it  possible  to 
direct  its  scanning  field  to  any  part  of 


the  eky.  In  distinction  from  the  earlier- 
considered  CODES  system,  in  this  equipment  the  acanning  motion  is  carried  out  by 
rotation  of  all  the  receiving  head  lii  an  aslmuthal  plane  within  limits  of  the 
angles  30  to  -*-210*.  The  Instantaneous  field  of  si^  ht,  ensured  by  wide-angled 


optics  and  a  mosaic  consisting  of  30  sensitive  elements,  is  equal  to  0.92  X  27®. 5, 
*tadiatlon  of  a  satellite  is  modulated  by  a  drum  with  slots  with  a  frequency  of 
1000  cps.  As  senaitive  elements  of  the  mosaic  ai^  appxlied  uncooled  lead  sulfide 


photoresistors.  The  signal  of  the  elements  of  the  mosaic,  with  the  help  of  the 
commutator,  moves  to  the  oscillograpii,  on  whose  screen  it  is  possible  to  observe 
a  mark  from  the  tar(,,et  and  to  watch  its  displacement. 


Table  TX.2.  f^asic  larameters  of  the  CODES  tiystem 


i’esignation  of  parameter 

Unit  of 
measurement 

Magnitude 

.canning  angle:  in  azimuth 

deg 

^U‘) 

in  elevation 

deg 

4C 

Instantaneous  angle  of  sight: 

in  azijriuth 

deg 

2.7 

in  elevation 

deg 

40 

Time  of  sweep 

sec 

1.5 

; iameter  of  entrance  aperture 

mn 

^3 

efficiency  of  optics 

t 

}Q 

1 

Relative  ap'Ornirc 

1 

i  ~ 

P/1  (1:1) 

Angtilar  dimension  of  image  from 

90t  energy 

mrdn 

o. 

sensitive  element 

— 

IbS 

..Inenslon  of  element  of  mosaic 

usn 

1X2 

Time  constamt 

200 

Interval  of  sensitivity 

M 

l.R— 2.7 

\ 

Integral  sensitivity 

w/cm'^ 

4.10-^^ 

Pip.  IX. 1*-.  Instr’jir.ert  for  detection  of  artificial  earth  satellites: 

] ir.ltt;  2 — correcting:  lens;  } — spherical  mirror;  U — secondary  mirror; 

5.— modulation  drum;  b — mosaic;  7— frame  for  bracing  of  optics;  motor 
of  belt:  9 — electron  elements  of  the  diagram;  10— scale  of  scanning  angles. 
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4.  ON  POSSIBILITY  OF  DETECTION  OF  BALLISTIC 
AND  GUIDED  ROCKETS 

Progress  in  the  area  of  developaent  of  tactical  and  strategic  weapons,  appear¬ 
ance  of  guided  and  ballistic  rockets  of  aadim  and  long  range  of  operation  In  the 
arsenals  of  a  number  of  countries  demanded  developoient  of  reliably  working  systems 
of  distant  detection  of  launching  and  entrance  in  atmosphere  of  rockets,  with  their 
subsequent  destruction  in  the  air  far  frcm  the  protected  object.  This  problem,  on 
which  a  great  many  people  are  working  in  a  nissber  of  countries,  snd  especially  in 
the  United  States,  is  aggravated  by  the  fact  that  equipsMnt  of  rockets  with  nuclear 
warheads  requires  an  absolute  guarantee  of  their  destruction  at  distances  which  are 
safe  for  orotected  object. 

According  to  the  estimate  of  foreign  specialists,  radius  of  defended  hesdsphero 
2  (Fig.  IX. 13)  around  protected  object  1  should  be  approximately  80  kn.  [25 ]•  Here 

is  considered  range  of  operation  of  atomic 
chsu'ge  with  average  trotyl  equivalent,  and 
distance  which  protects  from  injury  people 
8e.*Ting  the  object. 

Fig.  IX. 13  Diagram  of  Defense 

from  ICBM;  1— defended  object;  To  guarantee  collision  of  antirocket 

2  —  hemisphere  of  defense; 

3  —  tone  of  detection;  rocket  with  ballistic  rocket  at  the  bound- 

4  —  sone  of  possible  appearance 

of  ICBM.  ary  of  defended  hemisphere,  rocket  should 

be  detected  ai.ead  of  time  by  some  means 


able  to  detennin#  the  coordinates  of  its  trajectory  and  to  calculate  point  of  en¬ 
counter.  Minimum  radius  of  detection  of  rocket  is  determined  by  its  type,  and  also 
by  the  tyoe  by  the  type  of  antirocket  rocket  and  system  of  guiding  used  for  intor- 
cention . 

Contemporary  radar  systems  detect  and  trac^  intercontinental  ballistic  rocket 
CrCBM)at  distances  up  to  800-16CXD  km  [25].  However,  they  are  subject  to  interfer¬ 
ence  in  the  form  of  active  countermeasures  directly  from  rocket,  interference  from 
false  targets,  and  influence  of  occasional  interference  from  Aurora  Borealis,  re¬ 
flections  from  the  moon,  etc. 

In  this  connection  there  is  great  interest  in  work  conducted  abroad  and,  in  the 
first  place  in  the  United  States,  on  determination  of  possibility  of  detecting 
ICBM's  using  infrared  equipsient.  These  works  are  conducted  in  three  main  direct- 
ions: 


investigation  of  radiation  of  rockets  and  artificial  Earth  satellites ; 
investigation  of  possibilities  of  detecting  ICBM's; 

creation  of  systems  of  guiding  antirocket  rockets  to  ICBM5  «  taring  .n  dense 
layers  of  atmosphere. 


Investigations  of  thermal  radiation  of 
theii  trajectory  [15]  shovmd  that  nose  cone 
creates  a  shock-wave  front  behind  which 
will  be  formed  a  high-temperaturv.  layer  of 
air,  intensely  heating  the  body  of  the 
cone  up  to  its  melting  (Fi».  IX. 14).  In 
this  layer  air  is  ionized  and  radiates 
both  in  the  visible  and  in  the  infrared 
region  of  the  spectrum. 

It  is  possible  to  Judge  the  degree  of 
heating  of  nose  cone  by  reports  of  foioign 


ballistic  rockets  in  the  last  st®.?:**  of 
of  a  rocket  entering  the  atmosphe**  < 


Fig.  IX. 14.  Heating  of  Nose  Cone 
of  Rocket  During  its  Entramce  in 
Atmosphere :  1  —  ahock-wave  front : 

2  —  stagnation  point;  3  —  dirsct- 
ion  of  flight;  4  —  nose  cone;  5  — 
high-temperature  layer  of  ionised 
air;  6  —  plastic  thermal  insulation  pad. 


press,  from  which  it  follows  that 


no3«  cono  of  Jupiter'  during  its  entrance  in  atmosphere  was  heated  until  white 


and  rocket  was  seen  visually  for  24  sec.,  1000  tiows  brighter  than  the  planet 
Jupiter,  on  background  of  which  cone  passed  (Table  IX. 3). 

Such  high  temperature  are  characteristic  for  the  stagnation  point;  however, 
temperature  of  ell  body  of  con#  can  exceed  magnitude  of  order  2000-2500‘’C .  This 
allows  not  only  to  detsct  rockets  by  their  thermal  radiation,  and  also  reliably  to 
track  them  up  to  the  momsnt  of  complete  combustion  or  xall  onto  earth.  Thus,  dur¬ 
ing  mentioned  investigations  of  '  Jupltar"  rocket  by  the  radicjmetric  method  it  was 
possible  to  detect  and  to  trace  the  trajectory  of  all  three  oaits  of  rocket;  nose 
cone,  body  of  rocket  and  Instrument  section  up  to  their  fall  in  Atlantic 
ocean  [171. 

Table  IX. 3  Speed  and  Temperature  of  Typical 
Aircraft  During  Return  to  Sarth  [Ic] 


t  /»  \  (Kw.*  1  CaoPOCTfc.  I 


pjKCTa  e  ia.ii.HOCTkB  1  COO 

3500 

3400 

pjdCTa  e  ai.ikNocTbie  $CM  km 

6  700 

7100 

OiyTuaK  c  opCaroi  4SO  cm 

7C00 

1  acoo 

KEY:  (a)  Object;  (b)  Velocity,  m/sec.,  (c)  Tem¬ 
perature,  ‘’C;  (d)  Rocket  with  range  of;  (e)  Satel¬ 
lite  with  orbit. 

Equally  with  investigation  of  thermal  radiation  of  rockets,  at  present  are 
conducted  intense  theoretical  and  experimental  investigations  of  infrared  radiation 
of  spaceships  and  artificial  earth  satellites  during  their  flight  on  orbits  many 
hundreds  of  kilometers  from  surface  of  Earth  [IR].  Thus,  series  of  trackings  of 
flight  of  artificial  earth  satellites  showed  real  possibility  of  their  detection 
by  day  and  at  night  by  instruments  of  infrared  technology.  It  was  determined  that 
radiation  of  artificial  earth  satellite  significantly  exceeds  thecret.ioally  ■•ell- 


grounded  radiation  of  body  with  temperature  of  300®K  and  constitutes  for  the  third 
of  the  Soviet  aitificial  earth  !»atellites,  by  measurements  of  Hyron  Block, 


magnitude  of  the  order  of  1000  w.  Although  nature  of  radiation  of  artificial  earth 
satellites  is  at  oresent  coapletely  not  determined,  it  is  assumed  that  it  is  caused 
by  the  praser.ee  at  these  hejghts  auround  the  Earth  of  a  zone  of  nigh-energy  parti¬ 
cles,  and  also  by  recombination  on  surfaces  of  satellite  of  electrons  and  ions 
which  sure  at  these  heights.  This  hypothesis,  in  turn,  makes  it  possible  to  assume 
nossibillty  of  detection  of  ICBM  long  before  its  entrance  in  dense  layers  of  at- 
moaohere  during  flight  in  cosmos  at  heighta  of  the  order  of  500-3200  km. . 

The  above  investigations  vmre  carried  out  by  specially  developed  experimental 
instruments  —  radiosMters  and  apsctraskstrlc  installation:^ .  Structurally  they 
were  either  portable,  or  were  mounted  on  antennas  of  radar  stations  and  artillery 
platforms  in  order  to  use  their  tracking  systssis. 

Radiometer  of  firm  Aerojet  General  ty^e  33,  weighing  9  kg,  and  with  inlet 
diameter  of  15  cm,  was  mounted  either  on  a  special  tripod  or  on  the  gun-carriage  of 
a  naval  cannon,  as  dxiring  launching  of  "Jupiter"  rockets  in  May— June  1958.  To  de¬ 
crease  diissnslona,  long-focal  mirror-lens  optics  with  multiple  reflection  are  used. 
Instrument  SS  mounted  on  ships  in  the  area  of  The  Lesser  Antilles  made  it  possibls 
to  track  trajectory  of  flight  of  rocket  from  launching  to  fall  in  ocean  [19].  The 
same  instrument  was  used  by  the  firm  to  track  the  flight  of  the  third  Soviet  art¬ 
ificial  earth  satellite. 

Observation  of  the  flight  of  The  "Jupiter"  rocket  during  its  entry  in  to  dense 
layers  of  atmosphere  was  carried  out  also  using  hand  radiometer  R-U^  of  the  Boeing 
Engineering  Co.  [20].  The  instrument,  with  field  of  vision  of  U° ,  consists  of 
radiometric  head  with  replaceable  sensing  elements  (PbS  and  germanium  bolometer), 
and  modulating  disks  to  guarantee  2A-hour  operation  and  a  circuit  unit.  Weight  of 
instrument  is  6  kilograms ,  Rsdiomstric  head  is  mounted  on  a  rifle  butt  for  con¬ 
venient  operation  in  the  "hand"  position;  however  it  can  be  placed  on  any  tracking 
mechanism  for  Joint  work  in  rsgims  of  tracking  (Fig.  IX. 15).  For  initial  giiiding 
of  radiometer  onto  rocket  during  its  entry  in  atmosphere  a  telescopic  sight  is 


mo’inted  on  body  of  hsad. 


FIG.  IX.15*  InatriMnt  of  ln~ 
eroAMd  Gc^lfitd  with  lU- 

dAr  Ant«nnA. 

Conaider»bl«  mttontion  alao  mm  allotted  eh«ek  of  possibility  of  (lsi«etion  of 
rocksts  at  monent  of  their  launching  and  on  actise  section  of  trajectory.  Since 
infrared  sMchanissM  possess  high  accuracy  of  Bsasursnsni  of  angular  coordinates, 
then  obtaining  of  data  about  launching  of  roeksta  parmit  determination  of  launching 
coordinates  calculation  of  trajectory  of  flight  of  rocket  to  ooeMnt  of  encounter 
with  antirocket  rocket. 

Investigations  in  this  direction  wre  conducted  both  with  the  equlpnent  con¬ 
sidered  above  and  also  with  special  epeetroaetrie  infrared  equipment. 


Pig.  IX.loa  "Rapid-Scan  Spec- 
trometric  installation. 


Th*  Perkin-Elm»r  firm  hAS  for  a  long  tin*  conductsd  SDectrooetrlc  investiga¬ 
tions  of  radiation  of  rockets  during  launching  and  on  active  eection  of  trajectory 
of  their  flight  using  a  Raoid-Scan  sosctroBistar  mounted  on  a  ROTI-MII  optical 
follow-up  tracking  syetsn  f21]  (Fig.  IX.l6a}. 

The  main  part  of  Rapid-Scan  installation  is  infrared  monochromator  with  fast 
scan,  diagram  of  which  is  shown  in  Fig.  IX.l6b.  Monochromator  continuously  records 
intensity  of  infrared  radiation  in  0.3  to  3-6  -m  strin.  Frequency  of  scanning  of 
mirror  is  regulated  within  limits  of  2.5-lSO  cycles. 

Observation  of  rocket  launchings  were  carried  out  from  a  distance  of  50  km.  frcm 
rocket  range.  Simultaneously  with  recording  of  intensity  of  infrared  spectrian 
ohotographlng  of  flight  of  missile  at  long  distances  was  carried  out  with  an  ROTI  op¬ 
tical  system.  Received  data  were  coapared  with  spectrcmetric  measiu'ements  to  deter¬ 
mine  possibility  of  identification  of  rockets  by  their  thermal  radiation. 

Installation  of  Infrared  instruswnts  to  detect  ballistic  rockets  is  assumed  to 
be  both  on  ground  posts  of  detection,  and  also  on  patrol  aircraft  of  distant  warn¬ 
ing  service. 


Fig.  IX.16  b.  Optical  Dia¬ 
gram  of  Rapid-Scan  Monochro¬ 
mator. 

KET:  (a)  Tipped  mirror;  (b) 

Thermos (c)  Rocking 

mirror. 

Under  the  conditions  of  active  electrono-c  countermeasures  from  side  of  enemy, 
infrared  systems  can  be  an  important  source  of  obtaining  information  on  distant 
anproaches  to  protected  object.  However,  organic  deficiency  inherent  in  such 


systems  (dependence  of  efficiency  on  stale  of  atacsphere),  lowers  their  tactical 
possibilities . 

Problem  of  interception  of  controlled  and  ballistic  rockets  is  not  limited 
to  timely  detection  and  determination  of  trajectory  of  their  flight.  It  is  necess¬ 
ary  to  ensiire  guidance  of  antirocket  rockets  tc  then  for  the  purpose  of  deetructioi. 
at  a  considerable  distance  from  protected  object. 

In  this  cess,  neans  of  infrared  technology  can  be  very  effective,  especially 
in  last  phase  of  guiding  of  antirocket  rocket. 

In  first  phase,  the  approach  of  antirocket  rocket  to  a  ballistic  rocket  is 
assumed  to  be  carried  out  by  radio  cossnands  from  earth.  Tracking  smchanlsms  must 
continuously  introduce  corrections  in  trajectory  cf  antirocket  rocket,  considering 
information  from  stations  tracking  the  ICEM.  Ho%mver,  even  in  this  case,  is  as 
shown  in  the  press,  error  is  very  probable  and  as  a  result  —  miss  of  antirocket 
rocket.  Hiss  can  be  caused  by  errors  of  tracking  systasis  or  Ita  chance  deviation 
from  given  trajectory  due  to  external  caueee. 

It  is  natural  that  in  such  conditions,  probability  of  interception  of  ICBM 
becosMS  insignificant.  Therefore,  it  is  proposed  to  supply  antirocket  rocket  with 
homing  devices  and,  in  particular,  thermal  devices.  Thermal  homing  device  on  last 
stage  of  approach  of  antirocket  rocket  with  ICBM  locks  on  the  latter,  and  subse¬ 
quent  approach  to  moasnt  of  encounter  should  occur  by  cosasiands  of  hasdng  guidance 
system. 

High  temperature  of  cone  of  ICBH  and  good  transparency  of  ataoaphere  at  al¬ 
titudes  of  interceotion  should  ensure  high  effectiveness  of  thersml  hcaing  devices. 
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THERMAL  HLADS  OF  HOKIfJG  GUIDANCji  SYSTEM 
frincirle  of  the  lassive  Homing  Guidance  System  of  Missiles 

ThRr«  ''xist  sev^^ral  methods  of  ccntrollinj?  the  flight  cf  pilotless  devices 
fpoTT  the  moment  of  their  launching  *0  target  impact.  One  of  the  forms  cf  such 
control  is  the  method  of  r,  -  ,,  ‘-.f-f--,. 

Tn  this  case  or,  the  puided  missile 
is  established  a  special  device,  cilipr 
coordinator  of  target,  vhich  deterrir.f^s 
the  position  of  the  laree*  relativ;  *  t' 
the  object  of  the  homiru?’  guidance  sys*  -'' 
and  produces  control  si<?nals  during 
appearance  of  error  between  direction 
‘r,  'arpet  and  given  direction  (axis  of  missile  or  coordinator,  vector  of  sfee.d  t  '' 
mi  ssi]  e) . 

fhe  fundrutent al  diagram  of  a  homing  guidance  system  (Fig.  X.i)  usually 
includes  three  basic  elem.ents:  coordinator  of  target  1,  comfuter  2,  and  mechanism 
for  controlling  the  flight  of  the  m.issile  3. 

A  homire  guidance  system  can  be  passive  (Fig,  X..ia)  and  also  active  (Fig.  X,2b) 
or  semiactive  (F  g.  X.Tc). 

With  d  rasstve  homing  guidance  system,  for  obtaining  the  signal  which  ccntrols 
th“  fight  of  the  missile,  energy  is  used,  which  is  radiated  by  the  actual  target. 


(*}  U»pa8/i»emnu  td'ttum 


Fig.  X.l.  Fundamental  diagram; 
cf  homing  guiaance  system. 

KEY:  (a)  Ecntrclled  object; 

(b)  Target. 


Uth  an  active  homing  puidance  system,  for  obtaining  the  control  signal  energy 
’ r  used,  which  is  reflected  from  the  target  du/ing  its  irradiation  from  the  seli- 
ri;i ded  missile.  Therefore,  characteristic  for  this  system  is  the  presence  on  the 
missile  of  a  special  transmitter  of  energy  radiated  into  surrounding  space  and  a 
r'^eiver  tuned  to  this  form  of  energy. 


Pip.  X.2a.  Piagram  of  a  passive  * 

hom.ing  guidance  system.  Fig.  X.2b.  !  iagram  of  an  active 

homing  guidance  system. 

'.’ith  a  semiactive  homing  guidance  system  the  target  is  irradiated  by  energy 
from  a  soiree  fixed  outside  the  missile,  and  after  reflection  from  the  target  it 
is  ercei  ed  by  the  receiver  producing  the  control  signal. 

Passive  homing  guidance  systems 
require  the  least  quantity  of 
equipment  on  a  guided  missile, 
however,  for  their  work  the  presence 


is  necessary  of  a  contrast  of  energy 

Fig.  X.2c.  Diagram  of  a  semiactive 

homing  guidance  system.  raciated  by  the  target  (sonic,  light, 

thermal,  radar),  relative  to  the 
radiation  of  the  surrounding  background. 

In  recent  years  among  systems  of  passive  homing  guidance  the  most  widely  used 
his  been  the  thermal  (infrared)  homing  device  ('' ■  ).  "^he  iff-  homing  device 

constitutes  a  closed  follow-up  system  (Fig.  X.3)  and  ncludes  the  following  basic 
elements  [l]:  coordinator  of  target  1,  producing  an  error  signal  as  a  result  of 
the  comparison  of  the  entrance  signal  and  the  signal  of  the  main  feedback;  amplifying 
element  2;  executive  element  3»  producing  a  regulating  influence  applied  to  the 
ob/ect  of  adjustment  4,  which  pt-,,  ,  device  '  element  of  local  feedback  6;  and 


main  f'-enback  7. 


Fir.  X.T.  Blr :k-clia;?ram  of  an 
homing  device. 

KFY:  (a)  Kntrance  signal;  (b) 
Error  signal;  (c)  Regiilating 
influence;  (d>  F’erturbing  in¬ 
fluence;  (e)  Signal  of  main 
f  eedback . 


The  coordinator  '  f  target  is  an 
optical-mechanical  devi''e  perceiving 
thermal  radiation  of  the  target  and  de¬ 
termining  its  position  relative  to  Its 
own  optical  axis.  In  case  of  deflection 
of  target  from  optical  ajcis  of  the  coor¬ 
dinator  the  latter  produces  an  error 
signal.  This  signal,  after  amplification 
and  conversion  in  other  eleirerts  of  the 


circuit,  infuences,  through  executive  devices,  the  drive  assembly  of  the  head, 
which  moves  the  receiving  device  in  such  a  way  as  to  remove  the  error  signal,  i.e., 
to  combine  the  optical  axis  of  the  coordinator  with  the  direction  to  target.  In 
the  process  of  tracking  of  the  coordinator  after  the  target  electrical  pulses, 
proportional  to  the  angle  of  error  or  the  angular  velocity  of  the  displacement  of 
* h**  receivinp  device,  after  necessary  conversion,  proceed  to  the  mechanism  of 
aircraft  control . 

Tn  Fig,  \.U  is  given  an  example  of  the  tactical  use  of  a  passive  homing 
piiidance  system  in  "air  -  air"  missiles  supplied  with  an  '.rir'-a''ei  homing  device 


[2]. 

After  detection  of  an  air  target  by 
a  fighter  with  the  help  of  any  kind  of 
airborne  equifment  and  aiming  at  it, 
during  which  the  infra-red  homing  device 
will  lock  on  the  target ,  a  missile  is 
released,  Tnasmuc  dS  a  paiui-.’e  system 
does  not  requirt  .-adiatlon  by  an  interceptor  of  any  kind  of  energy,  the  fighter, 
immediately  after  launching  the  missile,  is  free  and  can  pull  out  of  the  attack. 


ttMMm-mcijmtm  C  «■ )  Cc) 

Fig.  \.U.  Attack  on  the  target 
with  the  help  of  a  missile  with 
an  ;  homing  device. 

KEY:  (aj  Farrier  aircraft;  (b) 

Missile;  (c)  Target. 


F\irther  guiding  of  The  missile  to  the  target  is  done  by  the  in^ra^ci  homing  device. 


■^his  is  one  of  the  advantajjes  of  Ir  frared  passive  hominf  ^idarce  systems  - 
int.er'ieptor  id  in  the  zone  of  the  enemy's  defensive  fire  the  minimum  necessary 
?  ine . 

^f  the  othc"  advanta;?es  of  infrared  homin;»  pjidance  systems  one  should  note; 
concealment  of  use  due  to  the  absence  of  t..j  necessity  cf  irradiating  tar^ret, 
simrlicity  of  equipment,  reliability  of  its  work,  and  compe.ratively  low  cost.  Thus, 
for  Instance,  the  ' cc  "  miss:  rfith  a  eadar  homing  device  is  approximately  1C 

times  more  expensive  than  the  "Sidewinder"  missile  with  an  homing  device. 

.n  the  "Sidewinder"  missile  is  applied  only  seven  electron  tubes,  whereas  in  the 
"'^alcon"  several  tens  of  then  [}]. 

■"he  simplicity  of  construction  has  a  direct  connection  with  its  reliability. 

The  absence  of  a  transmitter  and  rather  bulky  antenna  systems  makes  an  '  ‘’''arc- 
homing  device  compact,  which  has  a  special  value  for  "air  -  air"  missiles,  the 
dimen.si.ons  of  which  are  very  limited. 

2.  Thermal  (Infrared)  Homing  Head  ( T' :  ) 

nevelopment  of  the  first  combat  models  of  heat-seeking  guidance  systems  was 
s'arted  in  the  period  of  the  Second  World  War,  when  in  Germany  there  was  created  a 
series  of  experimental  models  of  heat-seeking  guidance  systems  for  different  types 
of  missiles,  which,  as  a  result  of  the  crushing  blows  of  the  Soviet  Army,  did  not 
find  practical  application.  Ir  the  jxjstwar  period  in  Switzerland,  France  Italy, 

:  wed'?';  and,  especially,  in  the  United  States  and  Kngland  these  works  were  continued, 
and  a  series  of  missiles  with  infrared  homing  devices  in  recent  years  have  been 
rut  in  service. 

,  ■r....ca  homing  devices  may  be  broken  down  into  two  group.s  -  tracking  and 
inaicator  or  wide- fir Id. 

In  a  tracking  homing  device,  a  block-diagram  of  which  is  shown  in  Fig.  X.3, 
the  control  signal,  tnrough  executive  devices  and  main  feedback,  is  used  for  removal 


of  error  arpie,  and  an  electrical  signal,  proportional  to  the  an^le  of  rotation 
or  dJipular  velocity  of  displacement  of  the  coordinator,  is  used  for  controlling 
the  missile. 

In  indicator  heads,  having  a  wide  angle  of  sight,  the  control  signal  is  used 
directly  to  affect  the  .missile  control  device,  and  error  is  removed  inpiedlateiy  by 
means  of  simply  turning  the  missile. 

In  tracking  systems  application  of  optics  with  a  narrow  angle  of  sight  is 
rossible,  which  allows  an  increase  in  the  sensitivity  and,  consequently,  the  range 
of  '  homing  devices.  Furthermore,  such  systems  turn  out  to  be  more  noise- 

immvine ,  ri  -i'--  -  .^ra.  1  angles  of  sight  the  hamful  influence  of  the  backgrounc 

cecreases.  When  using  tracking  heads  it  is  possible  to  accompany  the  target 
within  iimita  of  significant  angles,  which  makes  it  possible  to  expand  the  tactical 
possibilities  of  guiding  missiles  to  target. 

Application  of  narrow  angle  of  sight  in  tracking  heads  has  also  its  dis¬ 
advantage;  it  is  necessary  either  to  have  on  boax^l  the  carrier  special  equifinent, 
ensuring  detection  and  preliminary  guiding  of  the  coordij  itor  to  the  target,  or  to 
construct  the  head  in  such  a  way  as  to  ensure  before  launch  or  in  flight  the 
scanning  motion  of  the  receiving  device,  which  complicates  the  equipment. 

Indicator  heads  with  wide  angle  of  sight  differ  by  simplicity  of  construction 
and  make  it  possible  to  manage  without  preliminary  guiding  equipment,  however, 
on  the  other  hand,  they  are  less  noise  -  immune  and  have  smaller  range. 

Both  tracking  and  indicator  infra-red  homing  devices  can  be  divided  into  heads 
with  relay  principle  cf  adjustment  (on  the  principle  "yes-no")  and  heads  with 
proportional  adju.st.ment . 

In  heads  working  on  the  principle  "yes-no",  only  the  sign  of  the  angle  of 
error  is  worked  out,  and  not  its  magnitude. 

In  heads  with  proportional  adjustment  the  magnitude  of  the  control  signax  is 
proportional  to  the  angle  of  error. 


I'cp^nrting  upon  the  principle  of  isolation  of  error  signal  r  ' ■  i  r-; !  homing 
levices  can  be  subdivided  into  heads  with  p-  Iss,  frequency,  pliase,  and  amplitude- 
phase  methods  of  isolation  of  error  signal. 

These  methods  can  be  charact  Tized  by  the  following  criteria; 
pulse  method,  in  which  during  the  appearance  of  angle  cf  error  from  the 
coordinator  are  removed  separate  electrical  pulses,  which,  after  their  respective 
conversion,  make  it  possible  to  estimate  sign  and  magnitude  of  angle  of  error  with 
the  subsequent  use  of  signal  ■  '  •.  'rr  r  , 

frequency  method,  ir  which  different  positions  of  the  target  with  respect  to 
axis  of  the  coordinator  correspond  to  signals  of  different  frequency  ( Juno-1  "Linse 
rhase  method,  when,  depending  upon  the  position  of  the  target,  from  the  coor¬ 
dinator  are  removed  signals  of  different  phase  ("'inden-I"), 

amplitude- phase  method,  with  i^ich,  depending  upon  sign  of  angle  of  error  and 
its  magnitude,  from  the  coordinator  are  removed  signals  different  in  phase  and 
am: 1 itude . 

The  thermal  tracking  homing  device  "Madrid*’,  developed  in  frermany  at  the  end 
of  the  Second  World  War,  was  intended  for  guiding  antiaircraft  missiles  '"^zian" 
to  air  targets  L4], 

The  "■  coordinator,  ''Madrid,"  (Fig.  X.5)  includes  parabolic  mirror  1,  in  the 
focus  of  which  is  claced  cooled  lead  sulfide  photoresistor  2.  Tn  direct  proximity 
to  the  rhotoresistor  is  placed  modulating  disk  3  with  one  quadrant  cut  out  (see 
Fip.  X.6).  Sjmchronously  with  the  modulating  disk  revolves  the  rotor  of  the 
switch  U,  ensuring  four  switchings  for  one  turn. 

'.ilhen  radiant  flux  from  the  target  falls  in  the  field  of  sight  of  the  instrument 
the  mirror  creates,  in  the  focal  plane  where  the  photoresistor  is  placed,  ar.  image 
cf  the  target  in  the  form  of  a  circle  of  scattering.  Besides  from  the  photo¬ 
resistor  there  will  be  removed  pulses  of  photocurrent  (voltage)  with  frequency 


determined  by  the  speed  of  rotation  of  the  modulatln/;  disk.  After  amplifier  5, 
tuned  to  frequency  of  modulation,  these  signals  move  through  the  distributo'*  ox 
the  commutator  to  windings  6  of  relayi  Pp,  Pp,  affecting  controls  by  position  of 
coordinator. 


If  the  image  of  the  target  is  in 
the  center  of  -he  field  of  sight  (angle 
of  error  is  equal  to  zero),  then  both 
windings  of  the  relay  are  disconnected, 
since  modulation  of  flux  is  absent,  and 
the  tracking  system  remains  in  the  former 
position.  Control  signals  actuating 
missile  controls  are  zero;  the  missile 
controls  occupy  a  neutral  position. 

During  displacdfcent  of  Ijmage  from  the  center  of  the  field  of  sight  there  appear 
modulated  signals,  proceeding  thiough  the  commutator  to  windings  of  the  relay. 
Depending  upon  what  quadrant  the  linage  of  the  target  is  in,  the  signal  will  enter 
the  corresponding  winding  of  the  relay  so  that  the  actuating  mechanism  tui-ns  the 
coordinator  in  the  direction  of  a  decrease  in  angle  of  error.  The  coordinator 
during  the  turn  works  the  control  signal  which  actuates  the  missile  control  in  such 
a  way  that  they  turn  the  missile  until  its  longitudinal  axis  combines  with  the 
direction  to  target. 

In  the  "i>izian"  missile  to  control  the  operation  of  the  head  there  was  applied 
an  electro-pneumatic  device,  ensuring  a  speed  of  trackirjg  ^arget  of  deg/sec 
during  a  tracking  angle  of  +  .  Angle  of  sight  of  the  optical  system  constituted 

±  3“.  Air  necessary  for  operation  v#as  in  a  aniall  steel  cylindCi-.  Weight  of  the 


Fig.  X.5.  Diagram  of  the 
'  •  r-tred  homing  device 
■'Madrid 


"Madrid"  head  was  equal  to  5  kg, the  ntmber  of  electron  tubes  3-4.  Flange  with 
respect  to  aircraft  constituted  on  the  average  2-3  km. 

Although  the  r  :  •-  homing  device  "Madrid"  produced  electrical  signals  of 


error  in  the  form  of  single  pulses  with  a  definite  following  frequency,  in  the 
homing  device  "linse"  signais  of  error  differed  in  frequency,  depending  upon  the 
nosition  of  the  target  relative  to  the  optica]  axis  of  the  coordinator. 

The  homing  device  "I.inse"  with  a  16-20®  angle  of  sight,  according 

to  the  earlier  considered  classification,  belongs  to  the  indicator  type. 

■’’n  distinction  from  the  preceding  head  this  instrument  had  two  modulating 
disks  (Fig.  X.6),  established  in  the  focal  plane  of  the  optical  system,  behind 
which  was  placed  the  photoresistor  [4,  5].  Kvery  disk  has  two  rows  of  .lots  each; 
the  number  of  them  in  each  row  is  different.  During  rotation  of  disks  there  are 
formed  four  covered  fielcs  with  different  frequencies  of  modulation.  Depending 
iiron  which  of  the  fields  gets  the  image  of  the  target,  at  the  output  of  the 
amrlifier  of  photocurrent  will  be  formed  a  signal  of  a  different  frequency.  When 
the  image  of  target  is  projected  at  point  A,  there  will  be  no  signal  from  the 
rhotoresistor.  From  the  output  of  the  amplifier  a  mixture  of  various-frequency 
signals  enters  the  electrical  filters,  each  of  which  is  tuned  to  one  of  the 
frequencies  created  by  the  modulating  disks. 


Fig.  X.6.  Modulating  disks  of 
coordinators  of  certain  infra¬ 
red  homing  devices. 

KEY:  (a)  "Hamburg";  (b)  "Madrid"; 
(c)  "Fbden";  (d)  "T.inse". 


Thfc  work  of  the  filters  it  is  possible 
to  trace  in  the  example  of  the  diagram 
of  control  signal  emanation  along  one  of 
the  channels  of  control  (for  instance, 
vertical).  Control  for  this  channel  is 
ensured  with  the  help  of  two  opposite 
fields  (1-3,  2-4),  formed  by  modulating 
disks . 

The  diagram  (Fig.  X.7)  contains  two 
filters  tuned  to  frequencies  of  modu¬ 
lation  by  fields  f^  and  f^.  Filters  are 
connected  to  the  anode  circuit  of  the 
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last  tube  of  the  amflifier  and  have  transformer  couplijv;  with  rectifiers  B,  and 
assembled  on  bridge  circuit. 

If  frequency  of  signal  f^  coincides  with  frequency  of  adjustment  of  filter  0,, 

then  on  clamps  of  secondary  winding  of  transformer  T  will  appear  alternating 

f'l 

voltage,  under  the  effect  of  which  through  resistor  will  flow  rectified  current 
i, .  On  terminals  a,  b  of  relay  P  will  appear  voltage  +  u.  The  relay  will  operate; 
contacts  K  will  close  and  voltage  will  pass  to  solenoid  3^.  Core  of  solenoid  with 
the  help  of  rod  is  connected  with  missile  control  vane,  which,  deviating, 
creates  control  moment,  correcting  flight  trajectory  of  missile  until  the  optical 
axis  of  the  coordinator  coincides  with  direction  to  target.  At  the  moment  they 
combine  the  signal  to  output  of  coordinator  will  become  zero;  the  relay  will  release 
contacts,  disconnecting  thereby  the  solenoid,  and  ths  control  vane  will  stand  in  a 
neutral  position. 

If  frequency  of  modulation  £2 
coincides  with  frequency  of  adjustment 
of  filter  <®2»  then  on  terminals  a 
and  b  of  relay  P  will  appear  voltage 
u  and  the  relay  will  switch  on 
solenoid  3.2 ,  ensuring  thereby  the 

Fig.  X.7.  Fundamental  diagram  of  movement  of  the  control  vanes  of 

emanation  of  control  signal  along 

vertical  channel  in  a  head  of  the  the  missile  to  the  other  side. 

"Llnse"  type. 

KEY:  (a)  Sensitive  element;  (b)  On  the  phase  principle  of 

Modulation  disk. 

control  signal  emanation  was  de¬ 
veloped  the  ' 'll r a 1  homing  device  "cinden-I,"  an  indicator  type  with  a  20“  angle 
of  sight. 

In  this  system  the  modulating  disk  was  made  in  the  form  of  an  Archimedes  spiral 
(see  Fig.  X.b)  and  made  it  possible  to  obtain,  in  a  polar  system  of  coordinates. 


signals  of  errors,  differlnf  from  each  other  in  phase,  depending  upon  the  positj on 
of  target  relative  to  the  optical  axis  of  the  coordinator. 

^synchronously  with  the  modulating  disk  revolved  an  a-c  generator  which  was  the 
generator  of  support  sinusoidal  voltage.  The  phase  of  pulses  of  photocurrent , 
issued  by  the  coordinator,  was  equalled  with  the  phase  of  support  voltage.  The 
thase  difference,  sep.irated  as  a  result  of  comparison,  was  used  to  create  a 
control  signal  -emoving  the  error  between  the  direction  to  target  and  the  optical 
axis  ol'  the  coordinator. 

An  example  of  the  practical  use  of  rfrared  homing  devices  cn  combat  rockets 
arc*  missiles  of  the  "air  -  air"  class,  the  "Sidewinder"  and  the  "Falcon"  GAR-2A 
(the  t'nited  States),  the  "Firestreak"  (Fngland),  S-?  (Italy),  "Matra"  R-510 
(France)  [12J.  The  most  wide-spread  of  this  series,  the  "Sidewinder,"  is  intended 
for  action  on  air  targets  and  has  a  length  of  2.^5  m  and  a  diameter  of  nearly 
0.125  r. 

The  (nfrar*-  :  homing  device  (Fig. 

X.8)  is  placed  in  the  nose  part  of  the 
missile  and  is  covered  by  a  spherical 
cowl  2.  The  coordinator  of  the  head 
occupies  a  section  nearly  10  cm  long. 

For  gathering  and  focusing  infrared 
radiation  of  target  1  is  applied  mirror  objective,  consisting  of  parabolic  7  and 
flat  8  mirrors,  fliameter  of  parabolic  mirror  is  8.9  cm.  Angle  of  sight  of  ob¬ 
jective,  in  the  focus  of  which  is  placed  uncooled  lead  sulfide  photoresistor  3, 
is  equal  to  4®.  Before  lock-on  the  optical  system  accomplishes  a  scanning  motion. 
Thermal  radiation  of  the  target  is  modulated  by  a  disk-modulator, revolving  with  a 
sreed  of  30  rpm.  Fiomi  the  photoresistor  is  removed  the  error  signal,  proceeding 
to  amplifier  4  and,  after  adjustment  of  coordinates  to  the  actuating  servj-motors 
5  ’./hich  control  the  control  vanes  of  the  missile.  Wei^dit  of  the  head  is  9  kilogram. 


Fig.  X.S,  'pfrared  homing 
device  of  the  "Sidewinder". 


In  :he  missile  is  apilied  a  noncontact  electro-optical  detonator,  exploding 


the  warhead  durlne  flight  near  the  target  at  a  distance  not  more  than  iO  m. 

As  shown  in  literature  [8j,  the  "Sidewinder”  (Pig.  X.9),  in  spite  of  its 
simplicity  and  the  small  dimensions  of  the  homing  device,  posf *9SwS  high  accuracy 
of  hit  and  in  a  number  of  cases  knocked  off  flares,  securec  on  a  flying  target, 


without  damaging  the  actual  target. 


Fig.  X.9.  The  "Sidewinder" 
knocks  off  a  flare  during 
tests. 


[8]. 


'='ig.  X.IO,  The  "Firestreak" 
with  thermal  head. 


Effective  range  of  the  infrared 
homing  device  constitutes  a  magnitude  of 
the  order  of  3»300  m. 

The  ’^llsh  missile  "Firestreak" 
is  supplied  with  a  none  complicated 
thezval  head  with  mirror  optics.  The 
nose  cone  of  the  head  Is  made  in  the  form 
of  an  octahedral  pyramid  from  thin  plates 
of  optical  glass  (Pig.  X.IO). 

In  the  press  it  was  reported  that 
the  infrared  hoedng  device  of  the 
"Firestreak”  has  a  range  for  aircraft  of 

at  3000  m  -  18  km 

The  great  range  of  the  homing  device 
makes  it  possible  to  accomplish  lock-on 
before  launch  of  missile  fron  carrier 
aircraft.  Af^er  launching  of  missile  the 
carrier  aircraft  can  pull  out  of  attack, 
since  further  tracking  of  target  is 
carried  out  by  the  self-contained  infra¬ 
red  honing  device. 


the  "Meteor"  type  at  low  altitudes  by  day  -  8  km,  and  at  night 
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3 .  Noncontact  Clectro-Qptical  Detonators  (MOV) 


To  increase  probability  of  striking:  tar^?«t  with  inaccurate  puidin^'  of  missi]®, 
noncontact  exploding  of  warhead  in  dire*t  piroxlirity  of  target  is  applied.  Usually 
the  distance  to  tarpet,  in  which  the  detonator  must  automatically  fire,  is  de¬ 
termined  by  the  type  of  missile,  the  pow?r  of  the  warhead,  the  radius  of  striking 
action  of  fragments,  and  it  varies  within  15-50  m  for  different  types  of  missiles. 

The  application  of  noncontact  detonators  makes  it  possible  to  obtain  a 
comparatively  high  probability  of  hitting  even  such  maneuvering  targets  as  air 
tarpets.  According  to  data  available  in  literature  [llj,  the  probability  of 
striking  an  air  target  with  a  missile  equipped  with  a  noncontact  detonator  attains 
80-90'f,  whereas  the  probability  of  a  direct  hit  constitutes  a  magnitude  of  the 
order  of  60!t. 

As  a  source  of  information  about  the  flight  of  the  target  can  be  used 
different  physical  criteria  (separating,  by  contrast,  the  target  relative  to  the 
surrounding  background);  radio  emission  reflected  from  the  target,  proper  radio 
emission  of  the  target,  intensity  of  magnetic  or  electrostatic  field  around  the 
target,  sonic  or  ultrasonic  radiation,  and  also  thermal  radiati  n  of  the  target 
and  optical  contrast  of  the  target  with  the  surrounding  background. 

At  present,  most  widely  used  for  air  and  ground  (above  water)  targets  are 
radar  and  electro-optical  noncontact  detonators. 

For  the  case  of  application  of  electro-optical  noncontact  detonators,  in 
Fip.  X.ll  is  shown  the  change  of  a  physical  parameter,  which  is  a  source  of 
information,  and  the  signal  which  determines  the  moment  to  explode  the  aonunitlon. 

In  principle  of  action  electro-optical  noncontact  detonators  (NOV)  can  be 
broken  down  into  three  groups: 

a)  using  as  a  source  of  information  about  flight  of  target  the  themal 
radiation  of  the  target  (passive  systems). 


b)  usin#?  (reflected  from  target)  modulated  radiant  flux,  radiated  by  the 
missile  itself  (active  or  optical-radar  systems), 

c)  reacting  to  visible  contrast  of  the  target  relative  to  the  surrounding 
background  (contrast  principle  of  action). 

Ir  Fig.  X.12  is  depicted  one  of  the 
diagrams  of  a  passive  electro-optical 
detonator  (first  group),  consisting  of 
receiver  of  radiation  2  placed  in  the 
focus  of  a  toroidal  lens  with  circular 
scan  1,  unit  of  amplification  of  photo¬ 
electric  signal  3,  thyratron  relay  4  anj 
cartridge  5. 

is  a  receiver,  as  a  rule,  are 
applied  photoresistors  with  sensitivity 
in  a  range  of  wave  'en.^i'^s  t.  '  •  ’ 

with  the  spectral  curve  of  radiation  of  the  target.  For  a  guarantee  of  circular 
scan  the  film  of  the  pjho tores istor  is  on  a  sublayer  of  cylindrical  form. 

The  form  of  toroidal  lens  and  position  of  the  photoresistor  are  calculated  sc 
as,  first,  to  ensure  the  necessary  field  of  sight  and,  secondly,  the  slope  of  it 
forward  along  the  flight  of  the  missile.  The  angle  of  Inclination  of  the  axis  of 
the  radiation  pattern  is  chosen  depending  upx)n  the  flight  speed  of  the  missile  and 
the  time  lag  of  the  detonator  circuit  with  such  calculation  that  after  irfonnation 
enters  and  before  exploding  the  aosnunltion  the  missile  does  not  pass  the  target. 

The  unit  of  amplification  of  photocurrent  constitutes,  as  a  rule,  a  single-tube 
amplifier  of  alternating  current  with  a  large  pass  band  (pulse  aunpllfler  of  signal). 
From  the  output  of  the  amplifier  a  pulse  of  anplified  signal  Joins  the  control 
grid  of  the  thyratron,  in  the  anode  circuit  of  which  are  included  the  cartridge  ano 

battery.  After  ignition  of  the  thyratron  in  the  anode  circuit  will  move  current, 
which  will  trigger  the  cartridge  and  explode  the  amiunition. 


Arccmwmv 
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Fig.  X.ll.  Change  in  time 
of  distance  to  target,  its 
radiation,  and  NOV  nij:nal, 
KCT:  (a)  Missile;  (b)  NOV} 
(c)  Target:  (d)  Distance  to 
target;  (e)  Radiation  of 
target;  (f)  NOV  Signal;  (g) 
Level  of  fIDV  operation;  (h) 
I avel  of  noises. 


Tn  the  absence  of  a  heat-radiating  target,  on  the  photoresistor  falls  radi*  ion 
from  a  uniform  background  (for  instance,  the  sky).  The  current  in  the  circuit  of 
the  photoresistor  will  change  little;  consequently,  from  the  output  of  the  amplifier 
will  move  to  the  control  of  the  thyratron  voltage,  insufficient  for  his  operation. 

The  distance  of  operation  of  such  an  NOV  is  determined  by  its  sensitivity,  the 
emissive  power  of  the  radiation  of  the  target  in  a  given  direction,  and  the  mete¬ 
orological  conditions. 

It  is  natural  that  when  outside  thermal  sources  of  sufficient  jx)wer  fall  in 
the  field  of  sight  of  the  MOV  there  can  occur  false  operation  of  the  detonator 
and  premature  explosion  of  t.  warhead. 

Therefore,  to  increase  operational  reliability  of  the  detonator  it  is  necessary 
to  apply  a  series  of  measures  decreasing  the  probability  of  premature  explosion  of 
*he  missile  on  various  kinds  of  heterogeneities  of  background  (clouds  illuminated 
by  the  sun,  solar  and  moon  radiation,  radiation  of  certain  ground  heat- radiating 
objects,  etc). 

Among  such  measures  are: 
a)  use  of  narrcw-band  infrared 
filters  in  front  of  the  photoresistor, 
which  separate  only  the  radiation 
characteristic  of  a  given  target. 

Fig.  X.12.  FWidamental  diagram  b)  connection  of  two  photoresistors 

of  a  noncontact  electro-optical 

detonator.  by  bridge  circuit  in  opposition.  In 

this  case  radiation  from  heterogeneities  of  the  background,  as  from  the  areal 
object,  will  get  on  the  two  photoresistors  smd  compensate  one  another.  When  in 
the  field  of  sight  there  will  appear  a  target  (point  object),  then  on  one  photo- 
resistor  will  fall  radiation  from  the  target  and  background,  and  on  the  other  -  only 
from  the  background.  As  a  result,  in  the  diagonal  of  the  bridge  will  appear 
differential  current,  sufficient  after  amplification,  for  operation  of  the  thyratron 


c)  application  of  timed  blocking  of  powor  eupplv  to  NDV  circuit  sc  that  th« 
detonator  ;ro«8  into  operatlor  after  a  dofljiite  time  necessary  for  approach  of  the 
missile  to  target.  Such  blocking  may  be  carried  out  either  with  help  of  a  time 
relay  or  with  the  help  of  a  forced  feed  of  electrolyte  to  the  etorage  batteries 
throxigh  porous  partitions  after  launch  of  miealle.  The  latter  method  haa  found 
arplication  in  a  detonator  for  an  antiaircraft  tnlealle  of  the  United  Staten.  In 
it  the  power  supply  battery  is  in  a  dry  etatp,  and  the  electrolyte  Is  kept  in  a 
vessel  with  {Xiroua  walls.  After  the  shot,  ae  a  result  of  aceelerationa  developed, 
the  electrolyte  under  pressure  passes  through  the  pores  of  the  walla  to  the  storage 
battery  and  brings  the  detonator  into  operation. 

An  example  of  an  active  or  optical-locating  noncontact  detonator  (second  grout ) 
can  be  the  elsctro-optlcal  detonator  "Piatols,"  developed  in  Germany  in  the  period 
of  the  Second  World  War. 

The  detonator  "Pistole"  (Pig.  X.13)  had  eource  of  infrared  radiation  1, 
placed  Inside  revolving  cylinder  with  slots  2.  Modulated  radiation  spread  in  a 
radial  direction  (perpendicularly  to  the  direction  of  motion).  When  the  missile 
flew  near  the  target,  a  modulated  reflected  signal  from  the  target  was  perceived 
by  the  receiving  optics  of  the  detonator  3  snd  headed  to  the  receiver  (photocell) 

4.  To  amplifier  5  proceeded  variable  photoourrent  with  a  frequency  equal  to  the 
frequency  of  modulation  of  the  source  of  radiation.  After  passage  through 
electrical  filter  6  the  signal  brought  into  action  executive  relay  7  of  the  det¬ 
onator  and  caused  explosion  of  warhead.  The  preser.ce  of  modulated  radiation  and 
narrow-band  electrical  filter,  tuned  to  the  frequency  of  modulation,  ensured 
heightened  noise  imnunity  of  the  circuit  of  detonator,  since  variable  signal  from 
oscillations  of  the  radiation  of  the  background  was  held  back  by  the  electrical 
filter  and  did  not  enter  the  executive  relay. 


I  w 


''lectro-op'tical  detonators  of  the 
third  ^'rouf  constitute  the  usual  photo- 
relay  and  work,  as  a  rule,  in  the  visible 
region  of  the  spectruir..  Their  essential 


X.13-  Block-diagram  of 

active  clectro-optical  det-  deficiency  is  low  noise  immunity  due  to 

onator  "F'istole”. 

o,  'ation  on  the  boundaries  of  objects 

having  various  brightness  or  colorfulness.  Hue  to  this,  such  d'*t''r.ators  have  not 
founa  rractical  arclication,  although  they  allow  noncontact  explosion  of  the 
warheao  near  the  target. 
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'^FFFGTIVEMi-GSS  AND  RANGE  OF  INSTRUME2JTS  OF  TNFRAHEC  rECHNOLOCY 

I .  l^eculiarltiea  in  the  Construction  of  Passive 
In3tr\"nents  of  Tnfrared  Technology 

'.v'hen  designing  and  operating  instruments  of  infrared  technology  of  the 
rassive  principle  of  action^  we  encounter,  mainly,  three  groups  of  factors  de¬ 
termining  the  effect-iveness  of  the  application  of  instruments  in  practice,  namelj': 

a)  radiation  of  the  target  and  backgrotmd, 

b)  propagation  of  rauiation  energy  in  the  atmosphere, 

c)  parameters  of  the  receiving  device  converting  radiation  energy  into  a 
corresponding  electrical  signal. 

It  is  -ossible,  actively,  to  influence  only  the  parameters  of  the  receivinr 
device,  including  the  optics,  the  scanning  device,  the  sensitive  element,  and  the 
electronic  circuit.  Also  here,  more  or  less,  the  choice  breaks  down  only  to  the 
characteristics  of  the  sensitive  element  and,  to  a  certain  degree,  of  the  optics. 

selection  of  characteristics  of  the  sensitive  element  and  the  optics  one  can 
determine  optimum  range  of  spectral  sensitivity  of  the  receiving  device,  its  integra 
-sensitivity,  ’“p,  an'^  overall  dimensions  of  the  entrance  pupil  of  the  optics. 

It  is  necessary  also  to  know  the  radiant  flux  proceeding  from  the  target  and 
determining  the  integrity  of  the  action  of  the  instrument  on  the  whole  and  also 
to  estimate  tl  ’  harmful,  interferring  radiation  of  the  background,  in  order  to 
decrease  it  in  the  appropriate  way  and  to  make  the  instnanent  serviceable  in 
interference  conditions. 


’'’urinp  appraisal  of  radiations  of  target  and  background  usually  is  determined 

srec'.ral  density  of  radiation  of  target  (rj,  the  radiation  ability  of  its  surface 

(*^)  and  the  wave  length  of  maximum  radiation  (x  ).  'Hie  last  is  interesting 

max 

by  tbf?  fact  that  near  X  spectral  density  of  radiation  is  proportional  to  the 
fifth  degree  of  temperature,  while  the  total  radiation  is  proportional  to  the  fifth 
degree  of  tenperature,  wfiile  the  total  radiation  is  proportional  only  to  the  fourth 


degree . 


Fig.  XI.  1.  'ladiation  of  a  gray  body 
with  T  -1CX)®C  before  and  after  passage 
through  an  atmospheric  layer  of  1.85  km 
(H^C  —  18  ntn) . 

KlY:  (a)  Spectral  density  of  radiation, 

w _  •  (b'  Wave  length,  n  . 
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Having  obtained  the 
necessary  data  about  radiation 
of  the  target,  it  is  necessary 
to  estimate  its  weakening  in 
atmosphere  at  the  required  range 
of  the  instrument.  This  may  be 
carried  out  by  plotting  a  cux^e 
of  spectral  transmittance  of  the 
atmosphere  on  a  curve  of  spectral 
density  of  radiation  and 
multiplying  the  corresponding 
ordinates.  If  curve  r  is 


plotted  in  absolute  energy  units,  then  the  area  limited  by  curve  characterizes 

qualitatively  and  qxiantitatively  the  raaiant  flux  (during  calculation  of  un¬ 
select  ive  weakening!  proceeding  to  the  objective  of  the  receiving  device.  As  an 
examrle,  in  Fig.  XI. 1  are  given  curves  of  radiation  of  a  gray  body  (*  =  0-5)  with 
temrerature  of  the  sur’face  100®C  before  and  after  passage  through  a  layer  of  atmos¬ 


phere  . 

As  can  be  seen  fr’im  the  given  cxirves,  after  passage  through  the  atmosphere 
radiation  energy  enters  the  receiving  device  practically  at  two  spectral  intervals 
3.C-5.,.  and  7.5-13.5  M  .  As  temperature  of  radiating  curfaces  decrease  an  even 


frreater  specific  gravity  is  apportioned  to  radiation  in  the  ran^re  of  waves 
7.5-13.5  M  . 

Siich  a  grapiiio  construction  makes  it  possible  to  determine  the  optimum  region 
of  sensitivity  of  the  developed  instrument  based  on  the  possibilities  of  the 
sensitive  element  and  the  spectral  transmission  of  the  optics. 

Frequently  it  is  necessary  to  resolve  another  problem:  to  choose  the  spectral 
range  of  waves  in  which  sensitivity  of  the  equipment  to  change  of  temperature  woula 
be  the  highest.  Such  a  problem,  in  particular,  is  encoimtered  during  the  de¬ 
velopment  of  radiation  pyrometers  and  receiving  head  of  heat  detection  equipment-. 

Tn  this  case,  while  differentiating  Planck's  equation  with  respect  to 
temperature  and  dividing  the  obtained  expression  term  by  term  by  r^,  we  have 
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If  ^  is  large  as  compared  to  the  second  member,  then  formula  (XI. l)  can 
be  rewritten  in  the  form 

The  obtained  expression  considers  rate  of  change  of  s'  'Ctral  ..ntensity  of 
radiation  density  with  change  of  temperature  of  the  body  with  a  precision  of 
if  A7'<030  cm-degree,  and  105^,  if  X7'<0,60  cm*degree. 

In  Fig.  XI. 2  are  plotted  curves  of  spectral  intensity  of  radiation  density  of 
an  ideal  black  body  with  a  t  Jitiperature  of  500®K  (w.cm*''^*M  ~^)  and  the  rate  of  its 
change  (w-cm"^. ^ -degree"^). 

From  curve  it  is  clear  that  on  it  are  several  paired  points  with  identical 

spectral  intensity  of  radiation  density  at  various  wave  lengths  (for  instance,  at 
\ 

3.5  and  11  g  ).  If  one  were  now  to  turn  to  curve  ^  ,  then  it  would  become  eviaeno 


that  the  most  profitable  region  is  the  region  near  3.5  m  ,  since  here,  during  a 
change  of  teinp»erature  the  same  number  of  degreee,  the  change  rate  of  spectral 
density  of  radiation  will  be  higher  than  nearly  11.0  g  .  The  final  selection  of 


spectral  interval  in  this  case  it  is  possible  to  make  only  be  considering  the 
operational  peculiarities  of  the  instrument,  its  purpose,  the  influence  of  the 
atmosphere  and  the  possibilities  of  the  sensitive  element. 

There  may  be  loss  of  energy  in  the 
atmosphere,  and  it  would  not  present 
serious  obstacles  for  the  developiient  of 
instruments  of  infrared  technology,  if 
there  were  available  corresponding, 
highly  sensitive  elements  with  wide 
spectral  characteristic.  In  practict  it 
is  necessary  to  work  with  sensitive 
elements  possessing  either  high  sensitivity 
in  a  narrow  spectral  band  (photoresistors, 
photodiodes)  or  comparatively  low  sensi¬ 
tivity  in  a  wide  range  of  wave  lengths 
(thermoelements,  bolometers). 

Selection  of  a  sensitive  element  after  effective  value  of  receivable  radiant 
flux  has  been  established  should  be  made,  while  considering  its  spectral  sensi¬ 
tivity,  volt  sensitivity  (v/w),  threshold  of  sensitivity  (w),  time  lag  and 
utilization  factor  of  a  given  radiation.  Moreover  in  each  concrete  case  it  is 
necessary  to  go  into  a  compromise  solution.  It  is  not  ''bl  igaior,  po  select  a 
sensitive  element  with  a  wide  .spectral  characteristic  or  with  maximum  integral 
sensitivity  (by  minimiim  equivalent  power  of  noises),  since  this  can  lead  either 
to  cor^pl ication  of  construction  (to  demand  deep  cooling)  or  to  an  increase  in  time 
lap  of  the  system  (as  in  the  case  of  PbS).  Frequently  it  is  necessary  also  to 
consider  the  necessity  of  filtration  of  interferring  radiation  of  the  background, 
f'ne  of  the  basic  requirements  during  selection  of  a  sensitive  element,  is 


fig.  XI. 2.  Spectral  intensity 
of  radiation  density  of  an  ideal 
black  body  with  T  =  500®K  and  the 
rate  of  its  change  with  change  of 
temperature. 

(a)  Spectral  intensity  of 
radiation  density  i  (b)  Wave 
length,  g  , 
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maxiTPum  converaion  of  radiant  flux  reaching  it: 

where  -  spectral  tranar.ittance  of  optics,  Inclw’ing  filter. 

Calculation  of  this  integral  may  be  performed  graphically.  For  that,  for 
instance,  on  curves  w  (see  Fig.  XI. 1)  are  put  curves  of  spectral  sensitivity  of 
the  photoresistor  and  spectral  transmiselon  of  the  optical  system.  Multiplying 
ordinates  for  each  wave  length,  we  will  obtain  curves  limiting  areas  proportional 
to  the  output  of  the  sensitive  element.#*^  for  a  given  radiation. 

Such  a  method  of  appraisal  allows  us  to  compai’s  the  effectiveness  of  a 
sensitive  element  to  radiation  with  a  given  temperature  or  the  effectivenees  of  a 
sensitive  element  to  radiations  with  various  temperatures. 

In  Fig.  XI. 3  is  given  the  calc\ilation  of  for  lead  sulfide  (-78*C)  and 

lead  telluride  ('•185*C)  photoreeietora  with  respect  to  the  radiation  of  a  gray 
body  with  a  temperature  of  100 *0  (*  0.5). 

During  the  appraisal  of  effective  radiation,  the  effect  of  the  transmission 
of  optical  components  of  the  receiving  •'evlee,  including  the  filter  was  not 
considered.  Therefore,  the  given  curves  characterise  only  effective  spectral 
intensity  of  radiation  density  of  target  (w/cm^),  perceived  by  the  sensitive 
element  after  passage  by  radiant  flux  through  the  atoosphei^. 

As  can  be  seen  from  the  given  example  (see  Fix.  XI. 3),  the  effectiveness  of 
lead  telluride  is  higher  than  (area  0| )  lead  sulfide  photoresistors  (area  a,) 
because  of  its  large  region  of  spectral  asnsitivity.  Effectiveness  of  PbTe  grows 
with  of  radiation  temperature  of  target  and  increase  of  cooling  depth  of 

sensitive  element.  The  latter  is  illustrated  by  data  of  .  S.  ;  .  kk  [1],  which 
presents  the  following  relationships  of  output  signals  for  FbS  and  PbTe  'iu'-inp’ 
reception  of  radiation  of  an  ideal  black  body  with  a  temperature  of  500*K  at  a 
distance  of  1850  m: 

PbS(90®K):  PbS  (293*K)  =  4.5; 

PbTe(90*K);  PbS  (9C»K)  =  5.2; 

PbTe(90*K)t  PbS  (293*K)  -  24. 
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Thus,  if  PbTe  and  PbS  have  identical 
sensitivity  on  wave  lenffths  correspondinp 
to  maxiinuin  sensitivity,  then  PbTe  will  be 
approximately  24  times  more  sensitive 
than  PbS  at  room  temperature  for  the 
registration  of  total  radiation  with  a 
temperature  of  500°K,  In  reality  integral 
sensitivity  of  PbTe  is  somewhat  less 
than  the  sensitivity  of  PbS  and,  therefore 
such  an  advantage  is  not  obtained. 

With  such  an  appraisal  of  a  sensi¬ 
tive  element,  naturally,  the  question 

appears  about  the  expediency  of  changing 

to  systems  with  wider  bands;  lead 
selenide,  indium  antimonide  and  germanium,  especially  for  registration  of  low- 
temperature  radiation.  Such  a  transition  may  be  Justified  only  if  the  spectral 
curve  of  sensitivity  of  the  photoresistor  and  its  maximum  are  inside  window  of 
transparency  of  the  atmosphere  7.5-13,5  g  .  Otherwise,  expansion  of  the  r*egion 
of  spectral  sensitivity  of  the  pAjotoresistor  as  compared  to  PbTe  gives  no  advantages 
since  in  the  region  of  5. 2-7. 5  m  the  atmosphere  in  its  lower  layers  is  absolutely 

opaque*.  Growth  of  effectiveness  of  sensitive  elements  with  longer  wave  lengths 

during  registration  of  low-temperature  radiation  at  great  heights  and  in  space 
will  take  place  in  any  case. 

The  considered  criterion  for  the  appraisal  of  receiving  devices  of  infrared 
technology,  founded  on  the  calculation  of  the  effectiveness  of  using  the  spectrum 
of  radiation,  allows  us  to  estimate  the  effect  of  target  and  background  radiations 

♦Application  of  a  bro? i-band  sensitive  element  can  give  a  well-known  advantage 
when  its  sensitivity  in  a  wave  range  of  3-5.2  M  is  higher  than  for  PbTe. 


lig.  XI. 3.  ??eaction  of 
PbS(-78«C)  and  F’bTe 
(-I85‘'C)  to  radiation 
with  T  =  100“C, 

KEY:  (a)  Effective 
spectral  density  of 

_ 14  ,.4 _  w  , 


radiation,  . 

err 

V/ave  length,  n  . 


(b) 


on  any  sensitive  element,  and  also  to  detemine  the  most  optiHi\jn  conditions  of 
filtration  of  back#;round. 

If  one  were  to  construct  the  dependency  of  spectral  effectiveness  of  radiation 
> nergy  for  any  sensitive  element  (for  Instance,  PbS)  on  the  temperature  of  a  black 
body,  then  one  can  determine  not  only  optlauB  target  temperatures  for  a  given  system, 
but  the  decree  of  inter ferring  action  of  radiation  sources  with  other  temperatures 
(Fig.  XI, U). 

In  the  case  of  a  system  with  PbS  optixmai  temperature  is  1700*K,  since  the 
systf’T.  obtains  22%  total  energy.  The  system  does  not  react  to  intrinsic  emission 
of  clouds  (273*’K),  and  the  reaction  to  targets  such  as  a  Jet  noszle  of  an  aircraft 
(70C®K)  is  sufficiently  high.  However,  it  possesses  almost  the  same  sensitivity 
to  reflected  solar  energy  and,  consequently,  is  subject  to  significant  influence 
of  background. 

'/hen  designing  infrared  equipment  the  problem  of  weakening  the  interferring 
radiation  of  the  background  is  the  most  difficult,  since  the  background  can  be 
various  sources  of  proper  or  reflected  radiations;  .’r.,, 

j  fio:  i  ‘5  irfice  o'"  E-ir'.h  nni  the  Moon,  oT  ot'ject.s 

’  J'  '  r  •  ‘  ^  f a t, -Tior phere . 


Pig.  XI. 4.  Reaction  of  PbS  to 
targets  with  different  temperatures: 

1 — system  with  PbS;  2 — system  with 
optimum  filtration. 

KPT:  (a)  Spectral  effectiveness;  (b) 
Temperature,  *K. 


Control  of  harmful 
background  radiation  can  be 
produced  by  various  methods:  a 
means  of  isolating  target  by  its 
dimension,  isolation  of  intensity 
of  radiation,  or  a  method  of 
optical  filtration  [2]. 

The  method  of  optical 
filtration  is  the  most  wide¬ 
spread  in  instrianents  and  consists 


t 


or  the  folloyrinft.  If  spectral  characteristics  of  target  and  background  radiations 
are  known,  then  it  is  pcissible  to  select  filters  which  ^#ill  pass  a  large  part  of 
target  radiation  and  almost  completely  cut  out  background  radiation. 

In  the  case  of  the  application  of  instruments  by  day,  basic  interferring 
background  it  is  possible  to  consider  reflected  or  scattered  sunlight,  the 
specoral  composition  of  which  is  near  to  straight  solar  radiation.  Sun  at  a 
temperature  of  T,  =  6000®K  radiates  a  spectrum  with  wave  length  Xhmc  =0.5  m  , 

50'<  of  the  energy  in  which  belongs  to  the  infrared  range  with  wave  lengths  inore 
than  0.7  tt  ,  23%  -  to  the  region  over  1  M  and  2%  -  over  3  M  •  Therefore,  the 
basic  problem  of  filtration  in  this  case  is  cutting  out  the  visible  and  near-wave 
infrared  radiations  during  simultaneous  transmission  of  maximum  target  radiation, 
‘lince  the  temperattire  of  the  target  is  alv^ys  significantly  lower  than  the 
temperature  of  the  Sun,  this  method  is  sufficiently  effective  if  transmissior  of 
the  atmosphere  and  the  optics  is  known. 

In  the  case  of  the  application  of  equipnent  at  night  or  on  targets  with 
maximum  radiation  on  waves  over  4  n  the  interferring  background  may  be  the 
radiation  of  the  actual  medium,  earth  and  atmosphere.  In  this  case  it  is  necessary 
to  cut  out  long-wave  radiation  that  may  be  attained  by  means  of  a  corresponding 
combination  of  photoresistor  an  Long-wave  filter. 

Using  the  method  of  optical  filtration,  it  is  possible  significantly  to  in¬ 
crease  effectiveness  of  the  receiving  device  during  work  on  comparatively  low- 
temperature  targets.  Thus,  in  Fig.  XI. 4  is  given  the  curve  of  spectral  effectiveness 
of  an  infrared  system  during  optimum  filtration,  from  which  it  is  clear  that  in 
this  case  reaction  of  the  system  is  maximum  (0,317)  for  radiations  with  temperature 
near  883 ®K  during  sharp  suppression  of  sensitivity  to  interferring  background. 

However,  this  method  in  practice  will  not  apply  if  the  temperature  of  the 

target  is  close  to  the  temperature  of  the  background  or  idien  radiation  reflected 

from  the  backgroxind  and  radiation  of  the  target  possess  similar  spectral 
characteristics , 


For  isolation  of  a  target  in  this  caae  it  is  possible  to  use  differences  in 
dimensions  of  target  and  background.  Maigr  disgram  of  target  isolation,  founded 
on  this  principle,  have  been  developed,  sore  very  coopl icated ;  however,  in  the 
basis  there  is  assumed  always  the  aasiauption  about  the  point  character  of  target 
image  on  the  sensitive  element  and  about  heterogeneltiea  of  the  background  having 
finite  length. 

This  allows  the  moc  dation  of  target  Image  without  modulating  image  of 
background,  or  the  developnent  of  an  analyser  In  the  form  of  a  eyetem  of  an  opaque 
element  (periodically  Introduced  in  the  field  of  sight)  with  dimensions  equal  to 
the  dimensions  of  target  image.  Then,  if  infrared  radiation,  after  introduction 
of  the  opaque  element,  attains  the  sensitive  elesient,  this  indicates  that  the 
surface  radiating  the  Infrared  beams  is  larger  than  the  surface  of  the  target  and, 
consequently,  is  a  heterogeneity  of  the  background. 

2.  Criterion  for  Appraisal  of  Effectiveness  of  Paseive  T*-frared  Systems 

The  efficiency  of  infrared  systems  it  is  possible  to  estimate  by  different 
parameters.  However,  in  instruments  of  military  assignment  and,  in  particular, 
in  instruments  of  detection,  fire  control  and  homing  guidance  system,  from  which 
a  large  range  is  required,  a  criterion  for  appraisal  of  effectiveness  can  be  the 
ability  to  reveal  the  target  in  the  presence  of  noises.  Therefore  as  a  criterion 
during  appraisal  of  the  efficiency  of  passive  instruments  of  military  assignment 
one  should  consider  the  minimum  signal  which  may  be  revealed  on  a  background  of 
noises  camouflaging  the  useful  signal. 

Noises  in  instruments  of  Infrared  technology  ai*e  basically  from  two  causes: 

a)  noises  of  electronic  systems  during  stechanical  vibrations  or  during  the 
work  of  follow-up  systems.  These  nolaes  are  changed  in  time,  and  in  correctly 
designed  systems  the  basic  sources  of  noises  will  be  the  sensitive  element  and  the 
amplifying  circuit; 
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b)  noises  apj^arin^j  from  a  hetero^feneity  of  atmospheric  radiation,  back^fround 
of  sky  or  earth.  These  noises  are  the  result  of  either  direct  radiation  of  the 
.“^un,  reflection  or  scattering?  of  solar  energy,  or  the  intrinsic  emission  of  the 
natural  background.  They  endure  comparatively  slow  changes  in  time  and,  therefore, 
are  estimated  by  their  space  distribution. 

Chaotic  fluctuations  of  radiant  flux  perceived  by  the  sensitive  element,  in 
character,  little  differ  from  set  noises  in  the  receiving  device.  We  cannot 
separate  them  until  the  level  of  receivable  infrared  energy  exceeds  the  level  of 
set  noises  of  the  sensitive  element.  Therefore,  sensitivity  of  equipment  it  is 
possible  to  estimate  also  by  the  level  of  Its  set  noises  -  the  threshold  of 
sensitivity  (in  foreign  literature  -  equivalent  power  of  noises).  Under  threshold 
of  sensitivity  we  understand  the  rower  of  the  infrared  radiation  in  watts  on 
entrance  of  the  sensitive  element,  which  creates  on  output  a  signal  equal  to  the 
average-quadratic  value  of  the  level  of  noises  in  a  corresponding  band  of 
frequencies . 

The  idea  "threshold  of  sensitivity"  (equivalent  power  of  noises)  pertains  to 
th°  sensitive  element.  Since  infrared  systems  include  other  source.^  of  noises, 
then  for  an  operational  characteristic  of  the  instrument  on  the  whole  (in  conditions 
of  detection  or  tracking)  an  idea  about  the  minimum  threshold  of  sensitivity  of  the 
equipment  is  expedient  for  the  guarantee  of  reliable  worx.  The  ratio  of  these 
mapnitudes  determines  the  signal  noise  value,  at  which  the  system  will  work 
reHably.  Usually  when  detigning  infrared  passive  systems  with  scanninp,  the 
sirnal -to-ncise  ratio  is  equal  to  3-5. 

The  signal-to-r  'ise  ratio  allows  us,  by  the  known  magnitude  of  noise,  to 
estimate  the  range  of  the  infrared  equipnent. 

If  we  completely  disregard  noises  of  the  background  and  radiation  of 
components  of  the  equipment  before  the  sensitive  element,  then  the  range  of  the 


passive  infrared  syst  m  may  be  determined  from  relatiorship 


where 

wm 

'i 

V 

5, 

L 


Hi, 


m 

j’v.V 


S^dX. 


(XI. 4) 


signal-to-noise  ratio, 

average-quadratic  value  of  noises  of  the  sensitive  element  ir  a  given 

Af  band  of  frequencies, 

2 

area  of  target,  cm  , 
area  of  entrance  pupil  of  objective, 
spectral  density  of  radiation,  w/cm^, 
transmission  of  atmosphere, 
transmission  of  optical  system, 
spectral  sensitivity  of  receiver, 
distance  to  source  of  radiation. 


3.  Range  of  Passive  Infrared  Systems 

Range  of  passive  infrared  systems  depends  on  many  factors,  which  sometimes 
cannot  be  considered.  However,  tentatively,  the  range  of  a  passive  infrared  system 
may  be  estimated  if  it  is  possible  to  estimate  the  radiant  flux  reaching  from  the 
target  to  the  sensitive  element  and  compare  it  with  the  threshold  of  sensitivity 
of  the  equipment  di,  (equivalent  power  of  noises),  expressed  in  watts.  Such 
calculation  of  range,  valid  in  the  absence  of  background  radiation,  may  be  performed 
by  the  formula 

(XI. 5) 

where  a,p  -  angles  (Fig.  XI.5)  between  line  of  observation,  normal  to  radiating 
surface  ,  and  normal  to  plane  of  objective  5^  ,  x-espectively. 

In  expression  (XI, 5)  enter  integral  magnitudes  of  amissivity  ■  ,  transparency 
of  atmosphere  ir*  and  optics  To  with  respect  to  radiation  with  temp>erature  f,  and  for 
a  given  sensitive  element.  Therefore,  the  magnitude  of  threshold  sensitivity  !>, 


shcirid  be  detenr.ined  based  on  the  #fiven  spectral  distribution  of  target  radiation, 
transmission  of  tbs  atmosphere,  and  sensitivity  of  the  receiver,  Kbich  presents 
known  inconveniences,  since  rated  value  On,  always  is  given  with  respiect  to  radiation 
with  a  fully  defined  ternerature.  Purthenmore,  for  a  given  radiation  and  spectral 
characteristic  of  the  sensitive  element  it  is  necessary  to  determine  effective 
transmission  of  atmosphtre  and  optics. 

"The  complexity  of  such  calculation  r-nsists  in  the  determination  of  effective 
ran  cant  flux  acting  on  the  sensitive  element.  A  method  of  calculating  effective 
flux  by  graphic  means  was  considered  in  Section  1.  As  a  result  of  graphic  inte- 
rra*^^ior.,  the  limilr  of  ’vhich,  in  practice,  are  restricted  by  the  spectral  interval 
of  sens-itivity  of  the  receiver  and  the  transrarency  of  the  optics  (i» — A|),  there 
is  determined  the  effective  value  of  radian*  flux  acting  on  the  receiver  (w/cm^). 

The  given  method  is  acceptable  for  calculatiPig  range  of  passive  infrared 
systems  ■'Jitended  for  work  at  night  when  the  equivalent  power  of  noises  of  the 
S'nsitive  ele.nent  (average- -quadratic  value  of  noise)  is  determined  by  set  noises 
of  the  sensitive  layer  and  is  c'ose  to  the  rated  values.  By  day,  when  value  K  is 
cctermineU  Ivsically  by  noises  of  the  background  and  cannot  be  sufficiently 
c,ccurai.ely  considered,  such  a  calculation  can  give  noticeable  errors. 

In  the  onsidered  methods  of 
appraising  the  range  of  passive  infrared 
systems,  transparency  of  the  atmosphere 
is  practically  considered  for  a  limited 
layer  along  corresponding  curves.  The 
error  will  .not  be  too  great  if  one 
remembers  tliat  the  greater  the  layer  of 
absorcer,  the  less  the  additional 
atsorr.ion  c„, uses  increase  of  laye-  of  atmosphere.  Plxpierimentally,  it  is  established 
•hat  a  noticeable  c'.iangc  of  atmosj.heric  transmission  (especially  at  great  heights) 


Fig,  Xj.',5.  Calculation  of  range 
of  'aasive  s’jitem. 

Kr.Tf:  (a)  Target;  (b)  entrance 

wineJe’v;  (c)  Optical  axis. 


wi'h  incredSf  in  itn  thickness  over  2  km  is  not  observed.  This  allows  js  to  use 


iehny'r  exi erimental  curves  of  transfarency  of  atmosphere  without  introauction  of 
noticeable  e-ror  in  calctilation  of  ran/te  of  infrared  systems. 

'aiculatir.^  the  range  of  passive  infrared  systems  by  the  considerec  formulas 
is  suffic j.ently  labor-consuming.  Therefore,  attempts  to  construct  nomograp-hs  for 
the  oaj-culation  of  the  range  of  passive  infrared  systems  were  undertaken. 
such  nomograph  (Seymour's  nomograph)  is  presented  in  Fig.  n.6  [3J. 

The  nomograph  is  plotted  in  accordance  with  formula  (Xl.6)  under  following 
assumptions : 

1)  radiation  of  target  is  modulated  with  a  frequency  not  exceeding  a  limit 
leteminec  by  the  time  constant  of  the  receiver} 

2)  sensitivity  of  receiving  device  is  limited  by  set  noises  of  the  receiver  cf 
raniation,  and  the  signal-to-noise  ratio  is  4} 

3)  image  of  target  is  completely  inscribed  in  the  dimensions  of  the  sensitive 
element : 

y  )  .  (XI. M 

spectral  factor; 
proportionality  factor; 
radiation  intensity,  w/sterad; 

spectral  transmittance  of  atmosphere,  averaged  for  spectra, 
wavelength  interval  of  sensitivity  of  the  radiation  receiver; 
spectral  transmission  of  optics; 

limiting  sensitivity  of  receiver  (equivalent  power  of  noises) 

w; 

relative  aperture  of  optics  of  system; 
farameter  of  scanning; 

.lumber  of  sensitive  elements; 
time  of  frame,  sec; 


where  A 
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•  -  field  of  3i|;ht  with  respect  to  frame,  sterad; 
{  ~  time  constant,  sec. 
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Fip,  Xl.6.  Nomof^raph  of 
calculation  cf  range  of 
passive  infrar-  d  system. 


Having  determined  the  scanning 
parameter  of  the  infrared  system,  we 
connect  corresponding  point  of  scale  F 
with  value  of  relative  aperture.  Then  we 
connect  point  of  intersection  of  a  given 
curve  with  aiuciliary  line  a  with  definite 
value  of  spectra]  factor  A.  Flange  of  the 
infrared  system  in  miles  is  calculated  on 
scale  L. 


If  on  the  receiver  Simultaneously 
act  fluxes  from  target  and  su?>siinding 
background,  whose  radiation  cannot 
filtered,  then  it  is  said  that  the  system  ^ 
works  on  thermal  contrast.  Range  of  the 
system  may  be  determined  based  on  the 
following  consideration. 

-ffective  radiant  flux,  perceived  by 
the  receiver  from  target  and  background*, 
obviously,  will  be  defined  as 

♦h  ~  'o.  n'* .  a  cos  a  cos  p; 

V4%  t  cos  acosp. 


Useful  signal  on  output  of  passive  infrared  systen  will  Ije  proportional  to  the 


difference  between  the  total  fliuc  from  the  target  and  the  p)art  of  the..^ckground, 


^Indices  *♦»  arid  «u»  in  expressione  pertain  to  radiation  of  background  and 
target,  respectively. 


(XI. 7} 


not  covered  by  ‘he  target,  and  the  flux  from  the  background  is 

=  +  — ♦*. 

=  **3  r*  (S*  —  Sa)  ^  to.  *t,  *  cos  a  cos  p. 

consequently, 

cos  a  cos  p  ftato  ato.  af^  - 

If  one  were  to  take  then  by  analogy  with  expression  (XI.  5)  one  can 

determine  maximum  range  of  such  a  system 

L  =  y  _S.S.co..c«(^— 

If  difference  A®  is  lias  than  the  threshold  sensitivity  of  the  receiving  device 
of  the  infrared  system,  then  the  latter  will  lose  the  target. 

4.  Range  of  Active  Infrared  Systems 

Active  infrared  systems  find  wide  application  in  instruments  of  night  vision, 
rifle  night  sights,  and  range  finders.  Such  systems  include  sources  of  radiation 
cf  either  pulse  action  or  continuous  burning. 

The  principle  of  action  of  active  systems,  independent  of  the  type  of 
radiation  source  picked  up  by  them,  consists  of  the  following.  A  high-intensity 
source  of  radiation,  placed  in  the  focus  of  a  reflector  and  covered  by  an  infrared 
filter,  irradiates  t>’e  target.  The  radiation  energy  reflected  from  the  target  is 
perceived  by  a  receiving  system  and  is  focused  on  the  sensitive  element  which 
’  :  ,  a  corresponding  signal. 

The  effectiveness  of  active  systems,  to  a  very  strong  degree,  is  determined  by 
the  weakening  of  radiant  flux  in  the  atmosphere  and,  consequently,  by  meteorological 
visual  range  D. 

Range  may  be  determined  based  on  the  following  considerations.  Tf  radiation 
intensity  of  a  searchlight  is  designated  by  «7«,  then  irradiance  of  object  9*  at 

Cl 


(XI. 9) 


(distance  L  froir  the  searchlight  may  be  calculated  from  relationshif 

r*  —  -p"* 

where  p  -  attenuation  factor  of  atmospherej  averaged  for  the  spectral  interva  of 
sensitivity  of  the  system. 

As  a  result  of  the  reflection  of  radiant  flux  from  an  object  in  the  plane  of 
the  ''blective  of  the  observation  instrument,  there  is  created  irradiance 

jr  e  — pS,pe  ,  (XI. 10) 

where  Jo  —  -  radiation  intensity  of  radiant  flux  reflected  from  the  objec* 

in  the  direction  of  the  observation  instrument. 

If  one  were  to  produce  corresponding  conversion  and  to  replace  magnitude  of 
attenuation  factor  by  effective  visual  range  (visual  range  in  a  given  range  of 
wave  lengths,  for  irfiich  it  is  possible  bo  take  value  of  attenuation  factor  3),  then 
exrression  (Xl.lO)  after  taking  the  logarithm  will  take  the  form 


(XI.  11) 

where  Su  ~  threshold  sensitivity  of  observation  instrument; 

D  -  effective  distance  of  meteorological  visibility. 

j 

'"ertain  authors  define  the  logarithm  of  ratio  ^  as  a  quality  of  an  infrared 
active  system  G,  characterizing  how  many  times  greater  the  order  of  magnitude  of 
radiation  intensity  of  a  searchlight  is  than  the  threshold  sensitivity  of  an 
observation  instrument. 

Solving  equation  (XI.ll)  with  various  values  of  system  quality,  it  is  possible 
to  construct  the  dependency  of  the  range  of  an  infrared  active  system  on  the 
meteorological  visual  range  with  various  values  of  G. 

From  Fig.  XT. 7  it  is  clear  that  during  quality  of  system  G  =  8  an  increase  in 
meteorological  visual  range  from  1  CXI  to  500  m  gives  the  same  increase  in  range  of 
system  as  an  increase  in  quality  from  8  to  18,  which  corresponds  to  an  improvement 

of  the  system  10^*^  times.  With  increase  in  meteorological  visual  range  this  effect 


l0  lowered.  In  the  cue  of  «  change  In  netaorologleal  rleual  range  from  10  to 
100  k:,.  he  Increue  in  range  of  STaten  with  G  8  conntltutee  only  5  kri  which 
corresponds  to  a  growth  in  quality  from  0  to  9. 

The  range  of  active  electi  ?n><>ptical  syateBS  is  also  noticeably  affected  by 
the  brightness  of  the  background  on  the  screen  of  the  converter,  caused  ly  thenno- 
onission  of  electrons  from  the  photocathode  and  its  gating  by  radiation  of  the 
searchlight  reflected  and  scattered  in  the  thickness  of  the  ataoaphere.  Brightness 
of  the  background  on  the  screen  ttay  be  noticeably  lowered  by  rational  location  of 
the  searchlight  and  observation  Instnaient,  an  ilao  by  cooling  of  photocathode . 

In  the  lut  cue,  gain  in  free-apace  range  nay  be  calculated  from  expression  [/»]: 


where  L^, 


(XI. 12) 

free-space  range  of  target  in  an  inetrurw.it  with  cooled  and  uncooled 
photocathode,  respactively; 

9  -  conversion  factor j 
r,  -  eloctrcn-optlcal  magnification} 

A  -  density  of  radiation  of  observed  surface; 

ita  -  density  of  radiation  of  background  of  screen. 

f-S ss  B  • 
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Fig.  XI. 7.  'lauig'?  of  active  electron-optical  systeu 
depending  upon  meteorol  igical  visual  range  and  quality 
of  systems. 

KEY;  (a)  Range,  km;  ^b)  Mstsorologlcal  vlsvcJ.  range. 
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Tf  active  systems  are  Intended  not  for  construction  Oi'  ijna^^e,  but  for  obtaining 
seme  kind  of  information  about  the  presence  of  a  taraet  (for  Instance,  in  range 
finders),  then,  as  a  rule,  pulse  irradiation  of  target  is  used.  Repetition  rate  of 
pulses  i-  determined  by  maximton  permissible  dissipated  power  in  tube  and  circuit 

(XI. 13) 


where  f  -  frequency  of  repetition  of  pulses; 

C  -  discharge  capacity; 

U  -  voltage  to  which  capacitor  is  charged. 

If  radiation  intensity  of  pmlse  searchlight  is  then  radiance  of  target 
will  be  determined  by  expression 


'a  =  - 


nL* 


(XI. U) 


where  t;,  -  efficiency  of  optics  of  searchlight; 

S,  -  area  of  light  aperture  of  searchlight; 

Jf,  -  brightness  of  pulse  tube; 

-  coefficient  of  diffuse  reflection  of  target  stirface. 

Since  radiation  intensity  of  target  due  to  reflected  radiant  flux  is 
Ju  =  ^a'^a>  then  on  the  sensitive  element  o.  he  receiver  falls  radiant  flux  ®c, 
causing,  on  output  of  system,  a  definite  useful  signal 


(XI. 15) 


where  g  -  efficiency  of  receiving  optics; 

-  area  of  entrance  window  of  receiving  optics; 

-  area  of  projection  of  the  irradiated  part  of  the  target  in  a  direction 
to  the  receiver. 

fixpression  (Xl."'**)  is  basic  fo"  dstenrifniTig  range  of  pulse  optical  systems. 
However,  simultaneously  with  useful  radiant  flux  O,  on  the  receiving  device  falls 
also  radiant  flux  from  the  background,  causing  noises  on  output  of  system,  on  the 
backgrovuid  of  which  it  is  necessary  to  separate  a  useful  signal 


J, - 


(XI. 16) 
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where  -  brightness  of  background} 

-  area  of  spot  entering  Into  the  geonetric  alstenslona  of  target. 

The  magnitude  of  noises  is  proportional  In  general  to  the  angle  of  sight  of 
the  receiving  system  0,  the  area  of  the  receiving  window  of  optics  5^^  and  the 
brightness  of  the  backgNund 

i#— /CIS,r^-  (XI. 1?) 

Consequently,  effectivene:<s  of  a  pulse  optical  eysten  S/N  is  detemined  by 
parameters  of  target,  soxtrce  of  radiation,  trsnasitting  and  receiving  optics, 
atmosphere,  background,  and  distance 

(xi.ia) 

Let  us  consider  expression  (XI. 18)  for  a  case  when,  as  a  sensitirs  olenent, 
is  applied  a  photOBtultiplier  (FWI). 

The  current  of  the  RU,  because  of  useful  signal  and  signal  froa  background 
is  proportional  to  the  corresponding  radiant  fluxes, 

The  current  of  noises  on  output  of  the  aa^ifier  of  the  receiving  systen  nay 
be  expressed  by  the  following  fonsula: 

<■  — (11.19) 

where  e  -  electron  charge; 

df  '  pass  band  of  amplifier. 

Consequently,  the  ratio  of  useful  signal  to  noises  may  be  expressed  in  the 
following  manner: 


Substituting  corresponding  values  and  and  considering  that 


where  5^  >  area  of  radiation  source} 


r 


/a  -  focal  length  of  optics  of  searchlight, 
we  will  obtain  the  following  relatior.ship  between  signal  and  noises  in  a  pulse 
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o^t,icaJ  system  with  a  photomxiltiplier  as  a  sensitive  element. 


i»  si*/,  y  ' 


(XI. 20) 


Setting  up  a  signal-to-noise  ratio  necessary  for  reliable  work  of  the  system, 
from  expression  (XI. 20)  one  can  determine  also  its  ranj;e. 

From  expression  (XI. 18)  it  is  clear  that  noises  are  proportional  the  an^;le 
of  sight  of  receiving  system  6.  So  that  the  receiving  system  completely  perceives 
the  useful  radiant  flux,  its  angle  of  sight  should  be  equal  or  larger  than  the 
angle  of  radiation  of  the  searchlight.  However,  in  the  latter  case  noises  are 
increased,  and,  therefore,  it  is  desirable  to  have  field  of  sight  minimum,  so  that 
the  receiving  device  takes  the  smallest  possible  radiant  flux  from  the  background. 

If  angular  dimension  of  the  target  (spot)  is  larger  than  the  angle  of  sight 
of  the  receiving  device,  then  dimension  of  spot  affecting  the  receiving  device  is 
•Jn*  (during  small  angles  of  sight).  Substituting  this  value  in  fomula  (XI. 18), 
we  will  find  that  effectiveness  of  a  pulse  optical  device  is  inversely  proportional 


to  the  third  power  of  distance,  and  not  to  the  fourth, 

S_ 


(XI. 21) 
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CHAFTER  XII 

COurn'ERACTION  TO  INFRARED  MEANS  OF  AN  ENcJfY 

1 .  Met^':da  of  Counteracticn 

Above  it  was  indicated  that  passive  infrared  means  of  detection,  observatior, 
aiming,  and  ^tdinf'  are  more  noise- iirriune  as  compared  to  active.  Actually,  an 
enemy  is  not  able  to  detect  the  work  of  a  passive  system  since  it  does  not  radiate 
any  eneryy  into  surrotondinp  space.  This  is  one  of  the  disputable  advantapes  of 
passive  systems  in  general,  and  infrared,  in  particular,  as  compared  to  active, 
which  for  their  operation  are  forced  to  irradiate  target  with  electromagnetic 
en'  ’y  and  perceive  an  echo-sippal  reflected  from  the  target. 

In  connection  with  this,  it  has  long  been  considered  that  counteraction  to 
infrared  means  of  an  enemy  is  difficult,  although  it  has  been  indicated  that  tnfr<ireii 
equifinent,  as  compared  to  radar,  has  a  disadvantage  with  respect  to  sensitivity  tr. 
false  thermal  targets  [1,  2,  3].  Actually,  the  presence  o'*  a  large  quantity  of 
bodies  raciating  infrared  beams  around  a  target  can  lead  to  the  fact  that  an 
infrared  system,  intended  for  detection  and  tracking  of  a  certain  target,  will  torn 
to  tracking  a  false  target.  This  is  especially  dangerous,  if  the  infrared  system 
is  designed  for  autonomous  guiding  of  missile  to  target,  with  which  it  is  no  longer 
possible  to  correct  trajectory  of  missile  flight. 

The  second  possibility  of  lowering  the  effectiveness  of  instilments  of  infrareu 
technology  is  caused  by  their  basic  deficiency  -  the  great  dependency  of  efficiency 


■  •  =  » ■  -  •  “  •  ■  As  was  no**?-'!,  ;r  for  an'  ir  ~.c-  :r 

i  r'3‘ r’jncr.*  s  r- "  infrared  •ecf.nc’o^y  pive  practically  rto  noticeable  advantage  ever 
the  visual  iT’^thod  of  detection  an'',  therefore,  cannot  be  effectively  used.  Frccisal 
therefore,  in  a  number  of  reports  [4,  5],  for  use  as  measures  of  counteraction 
there  are  su/;gested  such  natural  camouflaging  means  aa  fog  and  overcast. 

Long  and  successful  has  been  the 
work  conducted  on  the  creation  of 
camouflage  m.eans  for  protection  of  objects 
fr<'*m  their  detection  by  photographic 
infrared  equipment.  There  have  been 
developjed  and  used  specially  colored 
materials  and  camouflage  nets,  and  also 


% 


Fig.  XII, 1.  Image  of  normal 

camouflage  cjt  in  light  1  and  paint  for  the  camouflage  of  objects, 
infrared  2  beams. 

vfhoae  spiectral  reflectivities  in  the 

visible  and  infrared  regions  of  the  spectrum  coincide  with  the  spectral  reflec¬ 
tivities  of  the  surrounding  background  [6,  7,  8]  (Fig.  XII. l). 

This  method  of  counteracting  the  operation  of  a  narrow  group  of  infrared 
instruments  can  give  positive  results  in  the  case  of  camouflage  of  stationary 
objects  or  moving  objects  on  a  uniform  background  (for  instance,  shijos  on  a 
background  of  water).  The  proper  thermal  radiation  of  bodies  is  impossible  to 
mask  by  such  a  method. 

Concealing  proper  thermal  radiation  of  certain  objects  may  be  carried  out  by 
a  method  long  known  in  heat-technology:  application  of  coverings  from  theimo- 
insulational  materials  and  screen  devices  around  protected  objects.  However,  this 
method,  in  spite  of  its  cumbersomeness  and  high  costs,  does  not  resolve  completely 
the  problem  of  camouflaging  even  the  majority  of  stationary  objects,  not  mentioning 
moving  objects.  Moreover,  it  can,  in  a  number  of  cases,  lead  to  the  disturbance 

of  thermal  conditions  of  the  protected  object  and  as  a  consequence,  to  prematurely 
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arr^‘ *  ir-ur.'  i  ■  *"  '  —  ‘i 

ir.  £*a'l!~r,ary  rcn^-i' ions ,  is  n-c*  ai»«ye  » rf^  c*  iv<* .  '‘or-  lns*ar.''»?,  ’( 

peaVp  int''rrerenc*>s  for  T,hp  operation  of  the  optical  bomlnr  puiiJance  syster  SOLO 
i*  is  necessary,  preliminarily,  in  direct  proximity  to  the  protected  object  to 
place  a  system  of  radiation  sotirces,  which  alter  drop  of  bomb  it  is  necessary  to 
transfer  slowly  away  from  the  object  [9],  v^.ich  in  practice  is  very  difficult  to 
carry  out. 

'^he  wide  development  of  means  of  infrared  technolo^ry,  especially  si^htin;? 
systems  and  nfrareJ  hominf»  devices  of  rocket  missiles,  has  made  necetjsary  a  more 
radical  resclution  of  the  old  problem  of  "lance  and  shield",  i.e.,  creation  of  a 
more  effective  means  of  protection  from  instruments  of  infrared  technology. 

The  entire  complexity  of  the  problem  at  hand  consists  in  the  fact  that  for 
the  creation  of  effective  interference  to  infrared  instruments  of  detection  and 
aiming,  it  is  necessary  to  simulate  the  thermal  radiation  of  the  protected  object 
both  with  respect  to  the  intensity  and  the  spectral  composition  of  the  radiation 
"10].  This,  even  if  it  may  be  carried  out  in  ground  conditions,  will  demand  huge 
expenditures,  since  in  practice  the  false  target  should  be  equivalent  to  the 
protected  object  in  temperature  rate,  dimensions,  and  emissivity  of  material. 

The  most  complicated  is  the  problem  of  protecting  flying  or  moving  objects, 
since  on  them  or  near  them  we  can  establish  bulky  installations  of  counteraction 
to  infrared  instrument's. 

"’h'"  first  method  of  protecting  such  objects  consists  in  lowering  thermal 
radiation,  i.e.,  in  lowering  the  temperature  of  departing  gases,  decreasing  the 
surfaces  of  high-speed  aircraft  and  rockets,  and  also  decreasing  their  emissivity. 
However,  this  method  is  in  contradiction  to  the  tactical  requirements  of  aircraft 
and  their  durability  and  may  be  applied  only  in  certain  specific  cases.  Actually, 
the  continuous  growth  in  aircraft  speed  of  flight  requires  increase  in  engine  power. 
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v;f>v;  of  r';3ran*  durability  of  const  met  ion,  it  is  necessary  tc  have  hi^h  a 

raaiation  factor  of  skin  material.  In  practice  it  is  possible  to  lower  the  thermal 
radiation  of  aircraft  with  artificial  cooling?  of  their  surface  by  means  of  the 
introduction  of  a  refrigerant. 

Up  to  now  there  have  been  published  very  few  materials  shedding  light  on  the 
state  of  vforks  in  the  region  of  counteraction  to  infrared  instruments.  However , 
available  short  reports  about  tests  of  rockets  with  ’nfr-irei  homing  devices  and 
separate  fragmentary  expressions  on  questions  of  coimteraction  allow  us  to  outline 
basic  ways  of  solving  the  problem  at  hand.  These  ways  are: 

a)  improved  methods  of  scattering  heat  [llj; 

b)  maneuvering  of  target  [3>  6]; 

c)  application  of  small-size,  high- intensity  sources  of  radiation  in  the  form 
of  pyrotechnic  rockets  [12,  13,  14,  15,  l6]; 

d)  application  of  low-temperature  sources  of  interference  [lO,  13,  14,  17,  18]; 

e)  application  of  high-speed  rockets,  released  in  the  direction  of  an  attacking 
enemy  [13,  14,  15,  19]; 

f)  application  of  artificial  diinnlng  of  atmosphere  [6,  20]; 

g)  creatic  of  special  flying  apparatuses  supplied  with  radiators  and 
accompanying  bombers  during  their  flight  above  enemy  territory  [3,  15,  21]. 

2 .  Lowering  of  Thermal  Radiation 

In  the  foreign  press  there  have  been  published  several  theoretical  ard 
experimental  works,  considering  the  possibility  of  lowering  the  temperature  of 
the  aircraft  surface  heated  both  because  of  the  work  of  the  motors  because  of 
aerodynamic  braking  [22,  23]. 
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for  coo;  in*  surfd-'-s  of  ciir'-r^f'  ,  din-  • 
it  is  always  j-ossiblo  to  obtain  i'  at 
all  heights  where  aprlicaticn  the  use  of 
airbreathing-Jet  and  turbojet  engines 
is  still  possible,  and  it  is  not  necessary 
to  have  special  reserves  of  refrigerant 
on  board,  since  even  without  that  the 
specific  gravity  of  the  motor  and  the 
fuel  is  sufficie  tly  great  (for  contem¬ 
porary  aircraft  it  constitutes  50-70^  of  the  total  gross  weight).  The  sucking  in 
of  air  and  its  preliminary  cooling,  naturally,  cause  additional  consumption  of 
power  and  somewhat  increase  weight  of  the  motor.  As  compared  to  other  methods  of 
cooling  this  method  is  more  economical. 

There  are  three  methods  of  cooling  external  £md  internal  surfaces  of  an 
aircraft  with  the  help  of  air  (Pj^.  XII. 2):  convection,  transpiration,  and  film. 

With  the  convection  method  of  cooling  the  flow  of  the  air  coolant  heads  along 
a  cooled  surface  of  wall.  Optimum  conditions  of  cooling,  in  this  case,  are  de¬ 
termined  by  temjierature  of  wall  T^.,  at  which  the  necessary  durability  of  material 
is  stiix  ensured.  Cooling  of  walls  to  lower  temperatures  requires  significant  flew 
rate  of  air  and,  consequently,  additional  expenditures  oJ  power, 

Effectiveness  of  convection  cooling  at  various  relative  flow  rates  of  air  is 
represented  in  Fig.  XII. 3. 

In  Fig.  XII. 3,  as  on  all  subsequent  graphs,  there  is  designated: 

T^  -  temperature  of  cooled  wall,  Tg  -  temperature  of  air,  7",-  temperature  of 
gas,  p,t>,  -  average  mass  speed  of  air  coolant,  -  average  mass  speed  of  gas 

flow,  ijt  -  thermal  efficiency  of  cooling. 
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Fig.  XII. 2.  Diagram  of 
convection  (l)  transpiration 
(2)  and  film  (3)  cooling. 
KEY:  (a)  Hot  gas;  (b)  Cold 
air;  (c)  Hot  air. 
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coo'injr  is  increased  wi  h  an  increase  in 
relative  flow  rate  of  air  and  an  increase 
in  Reynolds  number  and  thermal  efficiency. 
Furthennore,  effectiveness  of  coolin/;  in 
the  case  of  laminar  gas  flow  is  higher 
than  during  toroulent  flow.  From  the 
curves  one  nay  see  also  that  with  growth 

Fig.  XIT.3.  Effectiveness  of 

convection  cooling.  of  relative  flow  rate  of  air  the  slope  of 

a)  1 — laminar  with  radiation; 

2 — without  radiation;  j — turbulent  curves  decreases.  Consequently,  during 
without  radiation;  4— with  radi¬ 
ation;  h)  1 — laminar  without  radi-  achievement  of  a  definite  magnitude  of 
at  ion;  2— with  radiation;  3 — 

turbulent  without  radiation;  U—  relative  flow  rate  of  air  its  increase 
with  radiation. 

will  not  give  a  noticeable  increase  in 
effectiveness  of  cooling. 

During  transpiration  cooling  walls  have  to  be  prepared  from  porous  materials, 
but  air  coolant  should  pass  through  the  pores  to  tho  hot  gas.  In  this  case 
protective  and  cooling  films  are  formed  on  the  side  of  the  hot  gas,  where  air 
coolant  is  washed  off  by  gas  flow  from  the  surface.  Just  as  it  emerges  from  the 
pores.  This  creates  a  condition  of  countercurrent  between  heat  removed  from  the 
surface  by  the  air  coolant  and  heat  transferred  from  the  hot  gas  to  the  wall.  The 
effectiveness  of  cooling  by  such  a  method  increases  due  to  the  fact  that  the  area 
of  contact  between  the  air  and  the  cooled  wall  in  very  large.  Therefore,  the 
temperature  of  the  wall  will  be  eqiial  to  the  temperature  of  the  air,  at  vdiich  it  is 
washed  off  from  the  stu'face. 

Results  of  research  on  -  r-anspi  ratitn  cooling,  shown  in  Fig.  XII. 4,  show  that,  with 
this  method  of  cooling  the  required  relative  flow  rate  of  air  decreases  with  an 

increase  of  Reynolds  number.  Thus,  to  obtain  identical  effectiveness  of  cooling 


‘bar  "i'  rlrif  *urb’.il»n‘  f’ow, 

'Xirirv'  fiLr  cooi  in^  aif’  TIowe 
through  parallel  slots  of  a  coo] oj 
sxirface,  fomin/»  a  cold  film.  This 
film  gradually  is  destroyed,  as  a 
consequence  of  which  the  wall  remains 
cold  only  near  the  slot,  gradually 
increasing  its  temperature  downstream 
of  the  gas.  Decrease  in  irregularity 
of  temperature  of  walls  may  be 
attained  by  increasing  the  number  of 
slots,  which  is  clear  from  Fig.  XI T. 5, 


Fig.  ill. 4.  Effectiveness 
of  transpiration  cooling. 

KFY:  (a)  Laminar  flow  without 
radiation;  (b)  laminar  flow 
with  radiation;  (c)  Turbulent 
flow  with  radiation. 


where  there  is  given  the  dependency  of  flow  rate  of  air  coolant  with  growth  in  the 


number  of  slots  at  fixed  temperature  of  wall  T^,. 
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Fig.  XII, 5.  Effectiveness 
of  film  cooling. 

KEY:  (a)  ’Ixjmber  of  slots. 


Comparison  of  the  considered 
methods  of  cooling  allows  us  to  make 
the  following  conclusions: 

1.  'Yith  thermal  cooling 
efficiency  tjt*!  and  for  comparatively 
good  cooling  {TQ—Tm):(Tr — T,)  —0.4, 
dwing  convection  cooling  Is  requiren 
almost  three  times  more  air  than 
during  transpiration. 


2.  Film  cooling  has,  over  other  methods,  the  advantage  that  it  may  be 
applied  in  a  majority  of  practical  constructions. 
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'.rtn#  ' icr.  toc  '.  in*  air  '*r  ur'^r  i.<\r  r-^ssur*. 

^  >r  -  r  *ra' ion  arv:  filn-  roolinf  ‘h^r«  ia  r#q'ji'**d  a  surplus  :  f  air  rrrssur-  above 
he  pressure  in  the  gas  flow.  It  is  true,  during  convection  cooling  then-  is 
required  preliminary  cooling  of  air  heated  by  aerodyjiamic  braking. 

:’ffectiveness  of  cooling,  from  the  point  of  view  of  thermal  radiation  of  the 
aircraft,  it  is  possible  to  estimate  in  the  example  of  the  convection  method  of 
cooling  during  turbulent  flow  of  gases,  taking  into  account  radiation  at  Reynolds 
number  Re  =  10^.  For  simplicity  of  calculation  we  take  1.  Then  for  T,«>»IOOOfK 
andr," 373°K  with  ratio(7'* — T"*)  :  (fr — 7"*)  ■•0.4  we  obtain  temperature  of  cooi ed  surface 
Tj,  =  624 ®K.  Consequently,  with  all  other  conditions  equal,  thermal  radiation 
intensity  will  decrease  6.5  times,  and  free-sp>aee  range  of  the  aircraft  -  in 
2.55  times. 

If,  however,  xxnder  these  conditions  we  attain  an  increase  of  flow  rata  of  air 
of  2.5  times,  then  there  can  be  obtained  an  effectiveness  of  cooling  equal  to 
0.2  (Fig.  XII. 3  curve  4a),  For  that  case  T,.  =  498®K,  which  corresponds  to  a 
decrease  in  eniisslve  power  of  radiation  of  16  times,  and  free-space  range  of 
4  times. 


3.  Counteraction  by  Maneuver 
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Counteraction  by  maneuver,  attacking  the  means  of  the  enemy,  as  a  means  of 
aircraft  protection  has  long  been  well-known.  Therefore,  naturally,  this  method 
began  to  be  considered  as  one  of  the  possible  variants  of  protection  even  in  the 
case  of  enemy  use  of  instruments  of  infrared  technology. 

The  possibility  of  using  (as  a  measure  of  counteracting  infrat'ed  means  of  the 
enemy)  maneuvering  of  the  attacked  target-aircraft  is  increased  by  certain 
peculiarities  of  the  application  of  those  means,  namely: 

a)  the  diagram  of  thermal  radiation  of  contemporary  jet  aircraft  has  a 
sharp>-directed  character; 
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•  l.~f*  up; 

c)  a'.tackinp  aircraft  of  an  enamy,  equlpp^cl  by  infrared  inatrunent.a  nf 
detection,  aiming;,  and  guiding,  as  a  rale,  have  to  execute  attack  of  an  air  target 
from  the  side  of  its  rear  hemisphere,  l.e.,  in  pursuit.  Consequently,  their  speed 
nust  significantly  exceed  the  speed  of  the  target,  and,  therefore,  their  maneuvering 
qualities  vdll  be  worse  than  for  the  attacked  aircraft; 

d)  the  sharpness  of  maneuver  of  high-speed  apparatuses  is  limited  by  the 
G-forces  which  appear  (especially  at  low  altitudes)  and  the  effectivenees  of 
carrier  surfaces  and  controls  (at  great  heights). 

Thus,  the  maneuvering  of  the  target-aircraft  should  follow,  first,  the 
creation  of  conditions  of  flight  for  the  attacking  object,  at  which  G- forces  would 
be  created,  causing  either  operational  breakdown  of  instruments  of  infrared 
technology  or  disturbance  of  integrity  of  the  separate  structural  unita  of  the 
flying  apparatus,  and,  secondly,  the  creation  of  conditions  of  flight  for  the 
flying  apparatus  with  which  the  effectiveness  of  controls  and  its  carrier  surfaces 
would  not  ensure  repetition  of  the  maneuver  of  the  target-aircraft. 

Furthermore,  maneuvering  of  the  target-aircraft  should  be  aimed  at  the  problem 
of  maximum  lowering  of  thermal  radiation  in  the  direction  of  attack,  sincf  this 
still,  to  a  larger  degree,  will  create  the  prerequisite  for  appearance  of  a 
breakdown  in  the  work  of  instruments  of  infrared  technology.  In  some  works  [6]  it 
is  suggested,  before  fulfillment  of  maneuver,  to  tum  off  motors,  which,  naturally, 
will  lead  to  breakdown  of  the  work  of  the  infrared  equipnent  and  to  loss  of  target 
after  second  starting  of  motors,  already  on  a  new  course  (the  target  goes  from  tho 
field  of  sight  of  the  instrument  of  infrared  technology). 

^aneuve^  of  the  aircraft  includes  three  basic  elements,  unequally  valued  from 
the  joint  of  view  of  their  effectiveness  as  a  method  of  counteracting  the  work  of 


ins'rxments  of  infrared  teohnolopy:  change  of  speed,  height,  and  course  of  flight. 

"hus,  a  speea  change  of  coiitempo-ary  hea'/y  bombers  of  100-150  )cn/hr  occurs 
for  min,  when  a  rocket  flies  to  target  after  its  pick-up  by  an  inf  rir-?': 

homing  aevice  for  only  several  seconds. 

"firing  maneuvering  by  height  with  preservation  of  the  rrn-mo- 
rate  of  climb  of  the  aircraft  will  not  ensure  a  fast  change  of  angular  direction 
to  target  and  will  not  lead  to  decrease  of  thermal  radiation  in  the  direction  of 
attack.  Furthermore,  even  if  a  rocket  does  not  produce  a  direct  hit  on  an  aircraft, 
it  will  pass  near  it  at  a  distance  svifficient  for  operation  of  noncontact  electro- 
optical  detonators  and  the  strike  of  a  target-aircraft  by  fragments. 

Obviously,  the  most  effective  maneuver  should  be  a  sharp  change  in  the  course 
of  flight  of  the  aircraft  vdth  maximum  permissible  bank  for  a  given  variant  of 
aircraft  load  and  height  of  flight.  In  this  case  a  rocket  supplied  with  aui  infra¬ 
red  homing  device  and  having  a  significantly  greater  speed  of  flight  than  the 
aircraft  must  accomplish  a  turn  with  a  significantly  larger  radius  and,  furthermore, 
there  apf^ears  the  real  possibility  of  loss  of  target  by  the  infra. -ed  homing  device 
cue  to  the  sharp  decrease  of  its  thermal  radiation. 

We  will  consider  as  an  example 
(Fig.  XII, 6)  the  txossibility  of  inter- 
centtng  a  maneuvering  target  with  the 
help  of  an  antiaircraft  guided  missile 
under  the  following  conditions; 

height  of  flight  of  aircraft  H  = 

Fig.  XII. 6.  To  calculate  guiding  =  20,000  in ; 
of  rocket  to  a  maneuvering  target. 

speed  of  flight  of  aircraft  Vj,  = 

■  ’.00  rn'’:':ec? 

speed  of  rocket  v  =  700  m/'sec; 

F 

weight  of  rocket  P  -  lOOO  kg; 
thrust  of  motor  F  =  2000  kg; 
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pemlsalble  G-forces  n  =•  ]000  g. 

20  5CC  after  launching  rocket,  aircraft  at  point  B  makes  a  30®  turn,  continuing 
flight  in  direction  BC.  Rocket  during  thia  time  was  at  point  E  at  distance  11.2  kr 
from  calculating  point  of  encounter  D.  The  homing  device  affecting  rocket  controls 
deflects  its  flight  trajectory  by  an  11®  angle  in  direction  BC.  If  one  were  to 
consider  approximately  the  length  of  the  arc  along  which  flight  of  the  rocket 
continues  an  equal  to  chord  BC,  then  it  is  possible  to  calculate  the  necessary 


radius  of  tmm  of  the  rocket  so  that  it  gets  to  new  point  of  encounter  C: 


13  67,3 


=  34  Ktu 


Permissible  radius  of  turn  of  rocket  can  be  calculated  by  the  fonnula 

galaag  * 


where  a  -  angle  of  displacement  of  rocket  from  initial  direction  of  flight,  at 
which  G-forces  are  developed  not  higher  than  permissible. 

In  case  n  “  1000  g  a=*  15®,  Then 

85  a-. 

Comparing  permissible  radius  of  turr.  of  rocket  with  necessary,  it  is  possible 
to  say  that  during  maneuver  of  target  with  a  30®  turn,  in  given  conditions  an 
encounter  of  missile  and  target  will  not  occur. 

From  all  considered  it  ie  clear  that  in  certain  cases  maneuvering  of  aircraft 


can  render  counteraction  to  an  attacking  enemy  using  instruments  of  infrared 
technology. 

It  is  necessary,  however,  to  consider  that  time  in  making  the  maneuver  and 
its  sharpness  are  determined  by  speed  and  heignt  of  flight  and  gross  weight  of 
aircraft.  With  growt,h  of  speed  and  height  of  flight  maneuver  of  adrcraft  becomes 
all  the  more  inert  and  is  characterised  by  a  large  radius  of  turn.  This,  in  a 
number  of  cases,  can  set  up  a  more  profitable  position  for  the  attacking  apparatus, 
and  the  attacked  finds  -t  all  the  more  difficult  to  depart  from  laider  the  blow  by 
an  energetic  maneuver. 
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[  f^onsideripe'  the  above-stat'^d,  maneuvering  allows  us,  in  a  number  oV  cases,  tc 

br^ak  up  enerr^  attack,  but  not  always  can  it  lead  to  the  required  effect. 

r 

;  4.  Artificial  Sources  of  Infrared  Radiation 

I 

I  In  the  process  of  tests  of  rockets  of  the  "air  -  air"  class  with  nO'ire  j 

hoirinp  devices  in  the  United  States  and  Fjifflajid  it  was  noted  that  rockets,  with 
preat  accuracy  (up  to  direct  hit),  were  led  by  these  heads  to  an  imitator  of 
thermal  radiation  of  an  aircraft,  utilized  during  tests  as  a  target.  Thus,  during 
tests  of  the  rocket  "Sidewinder"  its  thermal  head  led  the  rocket  to  target  wi*h 


such  accuracy  that  the  last  one  knocked  off  an  illuminating  rocket  secured  on  a  2 

winp  cantilever  of  a  fl'"lnp  targe^  F-9-P,  without  striking  the  actual  target  [I2j.  j 

Furthermore,  a  large  quantity  of  "Falcon"  .missiles  GAJi-2A  -with  an  •i*'_..ared  homing  ^ 

device  was  tested  vdth  illuminating  rockets  as  targets  [153.  C 

These  tests  allow  us  to  make  the  conclusion  that  an  aircraft  subjected  to  ^ 

attack  by  rockets  with  'n^’r  iTej  homing  devices,  can  protect  itself  by  releasing 
some  kind  of  powerful  sotu"ce  of  light  and  thermal  energy  [?3>  143,  which  will  force  ^ 


the  deviation  of  the  follow-up  system  of  the  missile  and  lead  it  away  from  the 
bomb  run.  It  is  characteristic  that  in  literature  dedicated  to  the  counteraction 


of  infrared  means  [16],  there  is  noted  a  necessity  for  the  creation  of  small-size,  5( 

high-temperature  sources  of  interferences,  vdiose  radiation  intensity  (integral) 

would  simulate  the  radiation  of  Jet  engines  ard  liquid- fuel  rocket  engines,  even  (; 

though  they  have  a  very  short  time  of  action.  at 

"aturally,  such  high- intensity  radiators  as  illisninating  or  signal  rockets  t,h 

with  small  burning  time,  whose  purpose  is  to  attract  the  attacking  rocket,  must  | 

I 

not  be  in  operation  while  on  board  the  protected  aircraft.  They  must,  while  1 

burning,  be  outside  the  aircraft,  more  correctly  -  between  the  aircraft  and  the  I  '  5,^ 

attacking  rocket,  and  at  a  distance  that  will  protect  the  aircraft  from  being  hit  j 

by  fragments  during  explosion  of  rocket.  (p 
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In  1957  there  was  launched  an  aiglish  rocket  with  an  ;ri'  rnr-td  homing  device, 
the  "Firestreak,"  on  a  heat  soiu^e  sijiiulatlrg  the  radiation  of  an  aircraft  with  a 
urbojet  engine  [17].  Aa  a  source  of  radiation,  o.-i  the  towed  target  was  applied  a 
wire  frame  through  whi  h  current  waa  passed.  Although  the  emissive  power  of  the 
radiation  of  such  an  "electrical  stove"  is  unknown,  the  launch  of  the  rocket 
passed  successfully,  since  there  was  a  direct  hit  on  the  target  with  the  heat 
source . 

With  a  known  relationship  of  distances  between  an  aircraft,  the  heat  source, 
and  the  rocket,  Irradiance  of  an  infrared  homing  device  from  a  comparatively 
low-capacity  heat  source  will  be  larger  than  from  the  powerful  heat  source  wfiich 
le  the  aircraft,  remote  from  the  rocket  at  a  comparatively  large  distance.  Not 
accidentally,  therefore,  in  the  article  “Development  of  Rockets  of  the  "Air  Air" 
Class  In  the  United  States"  [3]  is  it  Indleatsd  that,  along  with  other  methods, 
counteraction  of  a  bomber  to  rockets  will  be  carried  out  by  setting  up  thermal 
baits.  Moreover,  in  the  United  States  tlO]  the  fiim  United  States  Flare  Association 
has  begun  the  serial  manufacture  of  light  weight,  small-sise  sources  of  infrared 
radiation,  intended  for  installation  on  target  airpslanes.  The  power  of  these 
sources  in  a  wave  range  of  0.75-7  ^  constitutes,  depending  upon  dimensions, 
500-2,500  w  with  duration  of  action  4  minutes. 

Having  now  data  on  emissive  power  of  radiation  of  a  heat  source  of  radiation 
(2,500  w)  and  astlmatlng,  tentatively  the  power  of  thermal  radiation  of  an  aircraft 
at  25,000  w,  it  is  .ossible  to  estimate  from  what  distance  the  effectiveness  of 
the  heat  80\irce  with  respect  to  its  effect  on  the  infrared  homing  device  will 
become  larger  than  the  effectiveness  of  the  radiation  of  the  towing  aircraft.  We 
will  assume  that  the  distribution  of  radiation  energy  in  space  at  the  source  of 
heat  and  for  the  aircraft  is  equal,  and  the  ratio  of  their  radiation  intensities 
in  the  direction  of  attack  is  equal  to  the  ratio  of  emissive  power  of  radiation 
(Fig.  ni.?). 
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!^ring  equality  of  irradiance  of  the  infrire:  homiiv?  device  from  the  towed 
heat  source  and  the  aircraft,  equality  is  valid  (if  one  ignores  the  coefficient  of 


• "ansrarency  of  the  atmosphere) 


since 


then 


J. 

^"'■24- 

t7i“ 


Consequently,  if  one  were  to  take  Lj  =  660  m,  then  L2  =  220  m,  and  towing 
distance  of  the  source  of  thermal  radiation  will  be  eqxial  to  440  m.  Starting  at 
this  distance  (660  m)  from  the  aircraft,  effectiveness  of  the  action  of  the 
thermal  radiation  sotirce  will  be  continuously  increased  as  compared  to  the 
efffictiveness  of  the  radiation  effect  of  the  aircraft.  Thus,  for  instance,  at  a 
distance  of  540  m  from  the  aircraft  (L2  =  100  m)  irradiance  of  the  infrared  homing 
device  from  tne  tov/ed  heat  source  will  be  9  times  larger  than  from  the  radiation 
of  the  aircraft. 


-l-M 


Fig.  XII. 7.  Calculation  of  the 
effectiveness  of  the  towed  thermal 
trap. 


Aerodynamic  heating  of  the  surface 
of  high-speed  rockets  and  also  the 
powerful  thermal  radiation  of  their 
torch  in  the  active  section  of  flight 
have  allowed  the  assumption  that  aircraft 


subjected  to  the  attack  of  missile  with  irfrared  homitv'  devices  can  render 
counteraction  to  them  by  releasing  in  the  direction  of  the  nearing  rocket  a 
counter-rocket  whose  thermal  radiation  will  force  the  infrared  homing  device  to 
deviate  from  the  basic  co’urss  of  tracking  [13,  14J.  In  practice  this  assumption 
has  been  confirmed  during  tests  of  the  "Falcon"  rocket  GAR-2A  with  respect  to 
high-speed  rockets  and  "Matador"  missiles  [15].  Moreover,  the  sensitivity  of 
‘  ;  are  i  homing  devices  to  the  thermal  energy  of  radiation  of  high-speed  rockets 


322 


allowed  an  assumption  on  the  possibility  of  using  their  heat  for  guiding  anti- 

missllp  missives  [19]. 

’.ifhile  evaluating  the  data  of  the  report  and  recognizing  the  possibility  of 
clearly  pronounced  counteraction  to  infrared  means  of  an  enemy  with  the  help  of 
high-speed  rockets  released  in  the  direction  of  the  nearing  enemy,  it  is  impossible 
nor  to  note  the  fact  that  the  high  cost  of  rockets  and  their  very  limited  supply 
on  board  the  aircraft,  obviously,  will  limit  their  application  as  a  means  of 
counteraction  to  only  exceptional  cases. 

Sim.pl er  and  the  least  expensive  of  all  the  considered  artificial  sources  of 
radiation  may  be  the  method  of  creating  artificial  dimming  of  atmosphere  between  the 
aircraft  cand  the  attacking  enemy  with  the  help  of  substances,  t^ich  upon  combininr 
with  atmospheric  oxygen  separate  a  large  quantity  of  heat.  In  one  of  the  reports 
[2C]  there  was  indicated  the  creation  of  a  special  tracer  for  tracking  flight  of 
the  target-missile  "Aeromarker",  giving  a  bright  flash  and  a  cloud  of  dense  smoke, 
by  which  occurs  tracking  of  the  flight  trajectory  of  a  target-missile.  It  is 
noted  that  the  forming  cloud  well  reflects  the  electromagnetic  oscillations  of  radar 


range  and  serves  as  a  source  of  thermal  radiation,  useful  for  guiding  infrared 
systems . 

If  one  were  to  consider  that  with  this,  thermal  radiation  of  the  aircraft  is 
simultaneously  camouflaged,  then  the  possibility  of  using  tracers  for  counteracting 
infrared  means  of  the  enemy  will  become  evident  since  under  the  cover  of  such  a 

"smoke  curtain"  an  aircraft  can  accomplish  a  maneuver  and  emerge  from  under  attack.  'P 

As  a  disadvantage  of  such  a  form  of  counteraction  one  should  consider  the  th 

dependency  of  the  stability  of  a  cloud  of  smoke  on  the  dimensions  of  the  generators  Tn 

of  its  particles  and  the  speed  of  flow  of  air  masses.  In  spite  of  this,  such  mo 

artificial  smoke  clouds,  simultaneously  camouflaging  thermal  radiation  of  an  object 

and  being  a  source  of  thermal  radiation,  obviously,  will  nevertheless  be  able  to  mi; 

find  application  because  of  their  simplicity,  cheapness,  and  the  possibility  of 
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of  rrult.iple  setting.  7t  is  known  that  in  the  JInited  States  there  has  been  deveioped 

a  cheap  method  of  obtaining  pure  titanium  tetrachloride,  which  is  an  effective 

sirokerene rating  substance  vrith  good  weakening  of  radiation  to  6  /j  [27]. 

ff  interest  also  is  research  in  the  region  of  protection  from  rockets  and 

reconnaissance  artificial  earth  satellites  by  means  of  atomizing  in  their  way 

clouds  of  sand  or  small  steel  pellets.  Puring  collision  at  great  speed  of  a 

missile  or  satellite  with  such  particles  destruction  should  occur,  in  the  first  v 

place,  of  the  least  durable  cowl  of  the  thermal  head  of  the  missile  or  the  actual 

body  of  the  satellite  [30,  9]  which  will  lead  to  their  destruction  (Fig.  XII. 8). 

Bringing  to  a  close  consideration 

of  the  question  about  the  application  of 

artificial  sources  of  radiation  as  measures 

of  counteracting  infrared  means  of  an 

Fig.  XIT.8.  I’rotection  of  a  enen^y,  one  should  mention  the  intense 

bomber  with  the  help  of  a 

cloud  of  small  steel  pellets.  developments  in  pilotless  carriers  of 

these  interferences.  Such  carriers,  at 
the  needed  moment,  are  released  from 
aboard  an  aircraft  and  distract  to 
themselves  missiles  with  infrared  homing 
devices. 

Fig.  XII-9.  False  thermal  In  the  United  States  there  has  been 

target  "Firebee,"  suspunied 

•  •  mcraft.  developed  the  false  thermal  target 

'Firebee,"  a  gliding  op  remotely  controlled  flying  apparatus  launched  from  land, 
the  deck  of  a  ship,  or  an  aircraft  with  the  help  of  .solid-propellant  boosters. 

t 

TherTnal  radiators  are  placed  on  consoles  and  are  switched  on  automatically  at  the 
moment  of  launching  target  (Fig.  XII. 9). 

It  ij  known  also  that  in  the  United  States  there  has  been  developed  a  special 
missile  XKDT-1  as  a  high-speed  flying  target  for  tests  of  "air  -  air"  missiles  fith 
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nr’r  ii  '.  homing  devices  [28j.  It  may  be  used  also  as  a  false  thermal  target  for 
t’nc  protection  of  ^^round  a^  •  air  objects. 
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